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INTRODUCTION 


This  report  summarizes  our  research  on  AFOSR  Grant  DAAG29 
76  C 0124,  which  was  active  durinp  the  period  26  Jan.  1976  - 25  Jan. 
1979.  During  this  period,  we  studied  several  aspects  of  resonant 
electronic  to  vibrational  (E-»-V)  energy  transfer  processes.  We 
developed  a number  of  infrared  molecular  lasers  pumped  via  these 
state  specific  processes,  and  we  measured  the  energy  transfer  cross 
sections  relevant  to  these  systems.  These  results  are  described  in 
detail  in  the  chapters  which  follow. 

In  general,  the  research  went  well  during  the  grant  period.  We 
encountered  no  obstacles  which  we  were  not  able  to  overcome,  and 
productivity  was  rather  constant.  Technologically,  our  greatest 
accomplishment  was  with  the  E-+V  pumped  lasers;  the  greatest  potential 
being  with  the  Br*-C02  system.  This  has  been  recommended  by  people 
both  here  and  in  the  Soviet  Union  as  a strong  candidate  for  a solar 
pumped  laser.  Scientifically,  we  advanced  the  scientific  community's 
knowledge  of  E->V  processes  substantially.  Measuring  absolute  E-»-V 
cross  sections  and  their  temperature  dependence  was  perhaps  the  most 
valuable  contribution  here,  since  simple  quenching  rate  coefficients 
indicate  little  about  the  mechanisms  of  energy  transfer.  Fortunately, 
our  data  liave  been  systematically  compiled  for  publication  during  the 
past  three  years  and  are  presented  and  discussed  in  detail  in  the 
following  chapters. 


*Electronic-to-vibratjonal  pumped  CO2  laser  operating  at  4.3, 
10.6,  and  14.1 
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I.  INTRODUCTION 

In  a recant  publication'  the  authors  reported  the  de- 
velopment of  a number  of  molecular  lasers  using  elec- 
tronlc-to-vlbratlonal  (E-V)  energy  transfer  as  a pump- 
ing mechanism.  Electronically  e.\ctted  bromine  atoms 
in  the  4'P,/,  state,  referred  to  here  as  Br*,  were  used 
to  selectively  excite  vibrational  states  in  molecules, 
thereby  producing  the  requisite  population  Inversions. 
We  have  now  undertaken  a more  detailed  study  of  one 
of  these  E-V  lasers,  the  Br*-CO,  laser. 

The  laser  system  described  below  Is  based  on  the 
following  processes: 


Br,^  Br  -hBr*, 

(1) 

Br*  +CO,-  Br  -fCO;  +AE, 

(2) 

in  addition  to  the  various  vibration-vibration  (V-V) 
energy -exchange  processes  that  follow  process  (2). 
Process  (1)  proceeds  by  conventional  flash  photolysis, 
leaving  the  CO,  essentially  unaffected.  Process  (2)  is 
the  near-resonant  E-V  step.  The  symbol  t denotes 
vibrational  excitation.  The  energy  of  Br*  is  368S  cm'' 
and  CO,  is  e.xclted  to  a vibrational  state  of  comparable 
energy.  The  over-all  rate  constant  (or  process  (2)  Is 
known  to  be  quite  large'  and  Is  sufficiently  fast  and 
specific  to  generate  population  inversions  and  stimulated 
emission  on  a variety  of  vibrational-rotational  transi- 
tions In  CO,.  In  particular,  we  have  obtained  laser 
action  at  4. 3,  10. 6,  and  14. 1 4m.  Lasing  at  4. 3 4m  has 
been  observed  previously  In  Q-swltched  CO,  lasers; 
however,  this  occurs  on  the  (10‘'2)-(10'’1)  and  (02'’2)- 
(02*1)  bajBds.'  Stimulated  emission  on  the  (10*1)-(10*0) 
band  of  CO,  has  recently  been  observed  by  optical  pump- 
ing of  the  upper  level  with  a parametric  oscillator.'  To 
our  knowledge,  the  14.  l-4m  transition  has  not  been 
seen  previously  in  stimulated  emission. 

By  observing  these  laser  transitions,  we  have  deter- 
mined that  the  (10*1)  and  perhaps  the  (02*1)  state  re- 
ceive a large  fraction  of  the  Br*  e.xcltation  energy.  This 
Information  was  unavailable  from  previous  fluorescence 
measurements. ' Observation  pf  stimulated  emission  in 
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E-V  systems  involving  other  molecules  may  yield 
similar  detailed  information. 

II.  EXPERIMENTAL 

The  experimental  apparatus  is  shown  schematically 
in  Fig.  1.  It  consists  of  a quartz  User  tube  and  flush - 
lamp,  a glass  vacuum  system,  and  the  appropriate  in- 
frared optical  components  and  detection  equipment. 

The  vacuum  system  Is  of  a conventional  nature,  con- 
structed of  Pyrex  and  employing  a single  liquid -nitrogen 
trap  and  mechanical  pump.  Pressure  is  measured  with 
mercury  and  oil  manometers  and  a thermocouple  gauge. 
Oil  manometers  are  made  with  Dow  Corning  704  .silicone 
oil.  A column  of  this  oil  is  also  maintained  at  the  top  of 
the  mercury  manometers  to  inhibit  reaction  of  the 
mercury  with  Br,.  The  thermocouple  gauge  is  closed 
off  from  the  system  when  corrosive  gases  are  present. 
Vacuum  of  a few  4m  Hg  are  obUined  routinely.  Since 
bromine  vapor  attacks  organic  vacuum  greases,  perma- 
nent joints  are  made  with  black  wax,  while  nonoerma- 
nent  joints  and  stopcocks  are  greased  with  a fluorinated 
compound,  DuPont  KRYTOX  240  AD.  The  black  Jvax  is 


FU't.  1.  Schematic  diagram  o(  cvpcrlmcntal  apparatim. 
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* unaffacttd  by  Br,  In  modarate  concantrattons.  Corrosiva 
and  toxic  nasas  ara  condansed  in  tha  LN^  trap  and  vented 
to  a tunia  hood  perlodtcally. 

Chamlcals  ara  punfiad  in  the  (ollowinK  manner. 

Liquid  bromine  Is  repeatedly  degassed  at  77 ’K,  then 
disUUad  from  trap  to  trap.  Helium  is  passed  through  a 
trap  at  77  *K  and  CO|  is  passed  through  a trap  at  ISOK. 

Tha  laser  tube  and  flashlamp  are  illustrated  In  Fig. 

2.  Both  Items  are  constructed  o(  quartz  tubing.  The 
laser  tuba  Is  20  mm  l.d.  with  active  length  ISO  cm.  A 
2-mm-thlck  annular  region  around  the  tube  contains  an 
organic  dye  solution,  while  lasing  gas  mUture.s  (111  the 
central  section.  The  ends  o(  the  tuba  are  (Itted  with 
0-rlng  joints  and  Vlton  0-rlng^.  Various  devices  can  be 
mated  to  these  joints,  as  described  below.  The  (lash* 
tube  is  18  mm  l.d.  with  arc  length  ISO  cm.  Argon  (lows 
through  tha  tamp  at  a pressure  o(  30  Torr.  Typical  dis- 
charge energies  are  3S00  J.  The  photolysis  (Ush  has  a 
rise  time  o(  S usec  and  haK-width  o(  40  tisec.  The 
(lashlamp  and  laser  tuba  are  mounted  parallel  to  one 
another,  separated  by  4 cm  and  optically  coupled  with 
aluminum  (oil. 

Molecular  bromine  has  a strong  continuous  absorption 
(rom  the  near  ultraviolet  through  the  green  portion  o( 
the  spectrum,  resulting  In  dissociation.*  Photolysis  in 
the  region  4S0s.\  » S30  nm  results  in  equal  amounts  u( 
excited*  and  ground-state  atoms.  ‘ In  order  to  improve 
the  eKectiveness  o(  the  (lashlamp  In  producing  Br*.  the 
laser  tube  Is  surrounded  by  a 2 <<  lO'Vt/  solution  o( 
7-dl«U\yUmlno,  4 -methyl  ccAimarln  dye.  This  dye 
transmits  light  o(  the  desired  wavelength  and  absorbs 
shorter  wavelengths,  (luoresclng  in  the  region  near 
480  nm.*  Thus  the  lamp  output  over  the  range  330 •'  ,\ 

530  nm  is  use(ul  in  producing  Br*.  appro\imately 
doubling  Its  eKectiveness.  In  practice,  we  have  (ound 
this  e((ect  re(lected  in  the  laser  output,  since  use  o(  a 
(reshly  prepared  dye  solution  results  in  a CO,  laser 
signal  approximately  twice  tliat  obtaiiuiblc  without  (lie 
dye.  The  dye  solution  tends  to  degrade  with  repeated 
irradiation  and  must  be  replenished  (requently. 

As  previously  indicated,  the  construction  u(  the  laser 
allows  (or  considerable  (lexibillty.  When  measuring 
energy  o(  the  4. 3-  and  10.  6-|im  output  pulses,  the  ends 
o(  the  main  laser  tube  are  sealed  with  KCl  windows 
mounted  at  Brewster's  angle,  as  in  Fig.  2.  Mirrors  are 
either  dielectric  or  gold  coated  and  separated  by  190 
cm.  Output  coupling  is  through  the  dielectric  mirror  or 
with  an  Intracavlty  beamsplitter.  Energy  measurements 
are  per(ormed  by  (ocusing  the  beam  Into  a thermopile, 
either  a Hadron  Model  99  or  Model  100. 

When  Investigating  the  more  detailed  behavior  o(  the 
4.3-  and  14.  l-um  transitions,  one  end  o(  the  laser  is 
sealed  with  a Brewster  window  as  be(ore.  Laser  output 
is  coupled  through  a 0.5 -mm  hole  in  a gold-coated 
mirror  (R  = IQ  m).  At  the  other  end.  an  intracavltv 
absorption  cell  Is  employed,  as  shown  in  Fig.  2.  Tlio 
cell  Is  constructed  o(  Pvrex  and  stainless  steel.  Vacuum 
seals  are  made  with  rubber  O rings  or  black  wax.  This 
device  allows  evacuation  o(  a separate  regieu.  23  cm 
long,  between  the  Brewster  window  and  the  mirror.  Dv 
introducing  a (ew  Torr  o(  certain  gases  into  Uiis  region. 


either  o(  the  CO,  laser  transitions  can  be  suppressed. 

Tlie  laser  beam  Is  sent  through  a 0.25-m  Jarrell-Ash 
spectrometer  equipped  with  a 50-line  mm  grating  blazed 
at  10  Mm.  The  output  o(  the  spectrometer  is  viewed 
simultaneously  by  a Ge  :Cu  detector  and  a Ce  : Au  detec- 
tor.  The  spectrometer  can  be  removed  (rom  the  system 
and  a set  o(  lnter(erence  (liters  used  In  its  place. 

A simplKled  energy-level  diagram  o(  the  Br*  :CO, 
system  is  shown  In  Fig.  3.  We  have  investigated  this 
system  over  a wide  range  o(  conditions,  including  laser 
gas  composition  and  pressure,  optical -cavity  condgura- 
tlon,  and  (lashlamp  input.  The  traditional  10.4-Mm 
band  in  CO,  has  been  (ound  to  lase  under  almost  all  con- 
ditions, with  varying  strength  and  time  behavior. 
Oscillation  generally  occurred  near  945  cm  * in  the  P 
branch  o(  the  10.4-Mm  band.  The  ma.xlmum  laser  pulse 
energy  obtained  in  this  manner  was  112  mJ  in  a pulse 
about  10  Msec  wide  beginning  8 Msec  alter  the  onset  o( 
the  photolysis  (lash.  Conditions  were  as  (ollows;  a cavi- 
ty composed  o(  a gold-coated  total  redector  IP  = 10  m) 
and  a dat  AR-co.ited  dielectric  mirror  I85''i  H at  10.6 
Min);  and  a laser  tube  (tiled  with  a 1 : 1 mixture  o(  Br, 
and  CO,,  total  pressure  80  Torr.  Pulse  energies  were 
not  very  sensitive  to  gas  pressure.  Maintaining  Br,  and 
CO,  in  the  same  proportions,  total  pressure  could  be 
increased  to  120  Torr  with  only  a small  loss  in  output 
energy.  Although  we  have  made  no  attempt  at  wavelength 
selection,  it  should  be  possible  to  obtain  similar  ener- 
gies throughout  the  9.4-  and  10.4-Mm  bands. 

When  using  gas  mixtures  more  dilute  in  CO,,  stimu- 
lated eniission  at  4.3  moi  was  observed.  Tills  oscillation 
is  also  quite  persistent  over  a more  restricted  range  o( 
conditions.  In  fact,  this  transition  due  to  CO,  has  been 
observed  in  gas  mixes  containing  Br,  and  OCS,  uath  CO, 
as  an  impurity.  The  4.3-Mm  oscillation  occurs  near 
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2304  cm''  and  vk-e  have  assigned  It  to  the  P branch  o( 
either  the  (lO^l).(lO'O)  or  i02'’l ).f02'’0l  b.tnd. 

We  performed  .a  stinplo  oxporimont  to  detormino  Uio 
lower  state  of  this  transition,  usini;  .an  extracavity  ab- 
sorption cell  containing  CO^.  The  degree  of  absorption 
in  this  cell,  combined  with  knowledge  of  approximate 
band  strengths  and  other  data,  was  sufficient  to  elimi- 
nate the  (Ol'l)-(Ol '01  band  as  a possible  assignment. 
Temperature  dependence  of  the  absorption  indicated  a 
lower-state  energy  near  1300  cm''.  However,  the  accu- 
racy of  the  experiment  was  not  sufficient  to  determine 
the  state  exactly.  A transition  between  the  i02'l)  and 
(02‘0)  states  was  ruled  out  because  its  band  center  would 
lie  too  far  away  from  the  observed  frequency.  Using  the 
constants  given  by  Herzberg,'  we  calculate  this  to  be 
2361  cm''.  A precise  wavelength  measurement  of  the 

4.3-um  transition  should  make  possible  a definite 
assignment. 

The  strongest  laser  output  at  4.3  ^m  u-as  -0. 1 mJ. 
This  output  pulse  was  generallv  S ^sec  'Aide,  occurring 
between  10  and  IS  usec  after  the  onset  of  the  photolysis 
flash.  An  equal  amount  of  energy  could  also  be  delected 
at  10.6  um  under  these  conditions.  These  results  wc<'e 
obtained  with  an  optical  cavity  comiMsed  of  two  gold- 
coated  mirrors  t/f  c 2. 6 m and  /<-••)  and  a 7.nSo  beam- 
splitter providing  output  coupling  of  about  30  , . The  gas 
mixture  contained  4 Torr  Br^.  4 Torr  Me.  and  0.03 
Torr  CO,.  Gas  fills  containing  more  than  0. 13  Torr  CO, 
would  not  lase  at  4.3  um.  We  attribute  this  effect  to 
depopulation  of  the  upper  laser  level  in-  intramolecular 
V-V  energy  transfer.  Processes  such  as 
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C0;ll01)-C0,l000)-C0,ll00)  -CO.iOOl),  (3) 

CO, 1021 ) - C0,(000)  - CO;0l  1 ) - CO, 1010),  14) 

and 

CO.(Oll)  •^CO,(000)-C0,^001)  -CO.lOlO).  (5) 

are  known  to  proceed  rapidly.’ 

Laser  emission  at  14.1  iim  was  also  observed  in 
dilute  CO,  mixtures.  This  transition,  near  711  cm"'  has 
been  assigned  to  the  V branch  of  the  UO'D-lOl'l)  band. 
The  optin'um  gas  fill  was  5 Torr,  containing  0.5  Torr 
Br,,  0, 15  Torr  CO„  and  the  balance  He.  Laser  output 
usually  occurred  as  a 4-usec-wlde  pulse,  20  *isec  after 
the  onset  of  photolysis.  The  14.1-»im  transition  lased 
well  in  optical  cavities  composed  of  externally  mounted 
gold -coaled  reflectors  using  hole  coupling.  No  lasing 
was  observed  when  a dielectric  mirror  |90'l  K at  14.1 
Min)  was  used  as  an  output  coupler.  We  were  unable  to 
make  an  energy  measurement.  However,  by  comparing 

4.3-  and  14.1  Mm  signals  on  the  Ce:Cu  detector,  we 
estimate  the  14.  l-um  energy  to  be  a few  mJ. 

Since  the  4.3-  and  14.1-Mm  transitions  may  share  the 
same  upper  state  and  thus  compete  for  the  same  inver- 
sion, we  investigated  the  interaction  of  these  two  sig- 
nals. With  the  Intracavity  absorption  cell  in  place  and 
evacuated,  and  employing  a gas  mixture  between  the 
optima  for  14.1  and  4.3  urn,  we  observed  stimulated 
emission  at  both  of  the.se  wavelengths,  as  well  as  at 
10.  6 Mm.  Four  Torr  of  CO,  in  the  absorption  cell 
suppressed  the  4.3-Mm  emission,  causing  a sizeable 
Increase  in  the  I4.1-Mm  signal.  Filling  the  cell  with 
10  Torr  of  HCN  and  60  Torr  of  air  stopped  oscillation 
at  14.1  Mill,  with  no  noticeable  effect  on  the  4.3-Mm 
signal.  HCN  absorbs  very  strongly  in  the  region  790"'  v 
■ 640  cm  ',  but  addition  of  air  was  necessary  to  broaden 
the  rotational  components  and  completely  block  the 
14.  l-Miii  oscillation.  Lasing  at  10.6  Mm  appeared  to  be 
uiwffected  when  either  of  the  other  transitions  was 
suppressed. 

These  results  are  consistent  with  the  relative  caergj" 
measurements  at  4.3  and  14. 1 Mm.  It  appears  t.h.it  the 

4.3- Mni  line,  having  a larger  transition  moment,  re- 
quires a lower  threshold  inversion.*  l.iis  is  important 
Since  the  pumping  rate  of  the  (10“1)  state,  altliough 
rapid.  IS  still  slower  than  nonradiatlve  decay  rates  such 
as  process  13).'''  For  this  reason,  relauvely  little 
energy  can  be  stored  In  the  UO"!)  state.  This  rapid  in- 
tramolecular decay  lends  to  populate  the  very  long  lived 
iOOl)  state,  making  the  10.4-Mm  band  a more  efficient 
way  to  e.xtract  radiation  from  the  gas. 

III.  DISCUSSION 

Observation  of  a laser  transiUon  with  the  tlOT'  state 
a.s  it.s  upper  level  confirms  our  previous  belief  that  this 
slate  is  a major  recipient  of  the  Br*  energy.  T!ie  tlO''l) 
and  i02''l  I states  in  CO,  are  Fermi  resonant  and.  uke 
the  tlO’Oi  and  i02''0i  states,  are  expected  to  uiulerco 
rapid  eollision-induee»l  energv-siiaring  procossos. 
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•Ftiuci,'  howtver,  haa  concluded  that  the  rate  (or  process 
(6)  can  be  st|m(tcantly  slower  than  that  (or  process  (3), 
even  aith  a large  excess  o(  Inert  gas  such  as  argon. 
Further  investigation  will  be  required  to  determine  i( 
the  (03“!)  state  is  populated  directly  by  E*V  transfer, 
and,  if  not,  the  degree  o(  its  excitation  via  process  (2) 
followed  by  process  (6).  In  any  case,  It  is  likely  that 
excitation  of  these  states,  followed  by  relaxation  such 
as  processes  (3)— (S),  is  the  dominant  mechanism  in 
populating  the  (00'*I)  state. 

Our  Br*-CO,  results,  to  date,  suggest  a number  of 
device  applications.  Since  photolysis  light  requires 
several  passes  through  the  gas  mixture  to  be  completely 
absorbed,  a CO,  laser  with  inherently  homogeneous 
excitation  of  the  gain  medium  cA  be  censtructe-l.  Such 
a device  might  employ  a (lashlamp  concentric  with  the 
laser  medium  and  be  useful  where  transverse  mode 
purity  is  important. 

The  fact  that  Br  atoms  recombine  to  form  Br,  and 
the  CO,  la  chemically  inert  in  this  system  makes  the 
gas  mixtures  reusable.  In  dilute  CO,  mixtures,  we  ob- 
serve a .slow  degradation  of  -1.3-  and  M.  1-um  output  on 
continued  use  of  a single  fill.  We  attribute  this  to  air 
leaks  and  outgassing  in  the  laser  tube.  Lasing  at  these 
wavelengths  is  particularly  sensitive  to  the  presence  of 
M,0  and  O,,  because  these  molecules  quench  Br*  very 
rapidly.  Lasing  at  10.6  am  in  high-pressure  gas 
mi.xes  shows  no  such  degradation.  For  this  reason,  a 
sealed -off  User  seems  feasible. 

Our  experiments  with  gas  mi.xtures  containing  50% 

Br,  and  50''  CO,  with  no  diluent,  at  pressures  up  to 
I'iO  Torr  (limited  essentially  by  the  gas  handling  system 
and  vapor  pressure  of  Br,)  indicate  that  operation  at 

1 .itm  should  be  possible.  Previous  optical-gain  mea- 
surements on  the  Br*-CO,  system'  indicate  that  there  is 
no  loss  of  inversion  when  a large  excess  of  helium  is 
added  to  a Br,  ;CO,  mixture.  We  have  the  possibility, 
therefore,  of  a high-pressure  sealed-off  laser.  Using 
various  isotopic  species  of  CO,,  such  a device  might 
provide  optical  gain  and  continuous  tuning  over  many 
cm'. 

The  availabiliiy  of  relaiively  simple  laser  sources 
at  new  CO,  waveiengihs  mav  be  of  importance  by  itself, 
in  diagnostic  exiKr’.nients.  for  instance.  Both  the  4.3- 
.iry.t  14.  I -^im  transitions  are  sensitive  to  pumping  rate 
and  Uius  Br*  production  rate.  .4  flashlamp  with  a faster 
rise  time  and  more  efficient  use  of  the  photolysis  light 
should  improve  performance  at  these  ivavelengths. 


Photolysis  of  IBr  also  produces  Br*  " and,  since  the 
absorption  coefficient  of  IBr  is  greater  than  Br,,*  this 
may  result  in  a net  Improvement.  In  our  e.xperiments, 
IBr-CO,  mixtures  have  been  at  least  as  effective  in 
producing  CO,  stimulated  emission  as  comparable 
Br,-CO,  mixtures.  However,  IBr  has  the  di.sadvantage 
of  low  vapor  pressure  (5  Torr)  at  room  temperature. 

Finally,  observation  of  stimulated  emission  on  the 
(ICll-lOl'l)  transition  suggests  the  analogous  v-branch 
transition  (02''l)-(0l'l)  at  607  cm  * (16.5  nm).  A laser 
source  in  this  region  of  the  spectrum  is  of  interest  for 
such  applications  as  isotope  separation.  By  suppressing 
the  711 -cm’*  oscillation  it  may  be  possible  to  induce 
lasing  at  this  frequency.  Although  our  initial  attempts 
to  do  this  have  been  unsuccessful,  this  ijoint  is  worth 
pursuing. 
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HjO,  NO,  and  NjO  infrared  lasers  pumped  directly  and 
indirectly  by  electronic-vibrational  energy  transfer* 
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(Sacavad  I Maivk  1976;  m fuul  ronn  4 Jane  1976) 

PuiMd  mfrHad  motccuUr  taam  are  reported  in  ahich  punpin«  ii  vu  dectroaK-vtbnnonal  energy 
inmfcr  ftoen  Be<4*P HjO  and  NO  laacta  arc  pumped  directly  by  £•  K (ransfer  and  operate  on  a variety 
of  iraaMiont  not  ptevioauly  taan  in  uimulaied  emnaion.  The  N,0  laicr  operates  near  10.9  >tm  and  it 
piimptd  by  a laio-siep  procem  m^plving  £-  K tranafer  to  aa  iatennedale  molecule  and  wbtequent  K-  K 
traat«er  fram  that  moiacuic  to  N,0.  This  latter  technique  citeads  the  applambiUly  of  £•  K pumping  to 
molaculea  arluch  do  aot  mietact^rsctly  with  the  electrooicaUy  escited  species. 

PACS  numbers:  42.60.C2.  l2.2aRp.  34.30  -t 


Electronic 'VlbnUonAl  (E-K)  energy  transfer  Is  cur* 
rently  being  Investigated  in  the  authors 's  laboratory  as 
a means  of  pumping  ir  moiecular  lasers.  Previous 
publications^'*  have  reported  work  on  lasers  pumped 
by  S-V  transfer  from  Br(4*P,,,),  hereafter  referred  to 
as  Br- , to  the  molecules  CO,,  N,0,  HCN,  and  C,H,. 

We  have  now  obtained  stimulated  emission  from  H,0 
and  NO,  where  e.xcitatlon  is  again  derived  by  direct 
S-y  transfer  from  Br*.  Most  of  the  observed  laser 
transitions  in  these  molecules  have  not  been  previously 
reported.  In  addition,  we  have  demonstrated  an  exten- 
sion of  the  S-y  pumping  process,  a type  of  “sensitiza- 
tion", whereby  population  inversion  is  obtained  by 
sequential  E-V  and  V-V'  transfers  Involving  an  inter- 
mediate molecule.  This  technique  has  been  applied  to 
the  Br*-N,0  system  and  should  make  laser  action  pos- 
sible in  molecular  systems  where  direct  E-y  excitation 
does  not  result  in  population  inversion. 

The  E-P  process  proceeds  as  follows: 

Br*  (molecule  Br  + (molecule  -4)*  + aE,,  (I) 

where  t denotes  vibrational  excitation.  In  instances 
where  is  large,  and  vibrational  excitation  appears  in 
a mode-specific  manner,  population  inversions  can  re- 
sult. This  mechanism  is  operative  in  the  Br*-NO  and 
Br*-H,0  laser  systems,  as  well  as  the  laser  systems 
we  have  described  previously.  *•*  When  h,  does  not  meet 
these  criteria  a second  molecule  can  be  Introduced  to 
act  as  an  Intermediate: 

Bt*  + (molecule  S)  Br  + (molecule  B)*  + AE,,  (2) 
(molecule  B)*  (molecule  A)  ^ 

(molecule  B)  a-  (molecule  M)*  * ,hE,.  (3) 

It  Is  possible  to  select  molecule  S such  that  both  pro- 
cesses (2)  and  (3)  are  fast  and  speclBc.  Population  in- 
versions in  molecule  A are  generated  in  this  manner. 
We  have  applied  this  principle  to  cases  where  mole- 
cule A is  and  molecule  B is  either  HCl  or  CO,.  A 
list  of  laser  transitions  observed  in  the  E-P-pumped 
H,0,  NO,  and  N,0  systems  is  given  in  Table  I. 

The  general  experimental  technique  has  been  de- 
scribed in  Ret.  2.  In  the  work  reported  here,  two  dis- 
tinct laser  configurations  have  Jieen  used.  In  the  first 
device  a quartz  laser  tube,  20  mm  In  inside  diameter 
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with  an  active  length  of  150  cm,  is  surrounded  by  a 2- 
mm  annular  region  containing  an  appropriate  dye  solu- 
tion. The  ends  of  the  tube  are  fitted  with  KBr  or  KCl 
Brewster  windows.  The  center  portion  of  the  tube  is 
filled  with  a sUtic  gas  mixture  prepared  in  a conven- 
tional Pyrex  vacuum  system.  These  mixtures,  contain- 
ing Br,  and  other  species,  are  photolyzed  with  a linear 
quartz  flashlamp  150  cm  in  length  and  mounted  adjacent 
to  the  laser  tube.  The  combination  of  flashlamp  and  dye 
soluUon  results  in  the  efficient  production  of  photolysis 
light  in  the  spectral  region  near  490  nm,  where  Br, 
dissociates  to  form  equal  amounts  of  Br  and  Br*.*  In 
most  cases,  the  other  molecular  species  in  the  gas  mix 
are  unaffected  by  the  photolysis  light.  Gold -coated  or  di- 
electric mirrors  are  mounted  at  bott  ends  of  the  laser 
tube  to  form  an  optical  cavity.  The  second  laser  device 
is  a triaxial  arrangement  similar  to  that  found  in  a high- 
energy  flashlamp-pumped  dye  laser.*  The  outer  0.7-mm 
annulus  of  this  device  is  the  flashlamp,  the  intermediate 
2-mm  annulus  contains  a flowing  dye  solution,  and  the 

TABLE  I.  Laser  transitions  observed  using  £-V  pumping. 
TenLitive  assignments  for  some  of  the  H.O  transitions  arc 
given.  NO  and  N,0  oscill.ate  on  various  vibration-rotation  lines 
of  the  bands  indicated. 


Transition* 

- — — • 

Laser  .species 

Ipm) 

(cm-‘) 

Assignment 

H.O* 

7.09.1 

1410* 

(020)-i010)  2.-3- 

7.204 

1.388 

(020)-(010l  3,-4, 

7.285 

1373* 

7.297 

1371 

1020)-(010)  3j-4j 

7.:190 

1353 

7.425 

1347* 

i020)-l010)  4;-5j 

7.453 

1.342 

7.543 

1326 

7.590 

1317* 

7.709 

1297* 

f020)-(010)  65-7, 

7.740 

1292 

(020)-(010)  6,-7, 

16.9 

591* 

NO 

-5.5 

1817 

(2, 1)  band,  P branch 

N,0 

-10.9 

920 

(OOI)-(IOO)  band,  P 
branch 

•Accuracy  is  ^ 1 cm*‘. 

‘Transitions  marked  with  an  asterisk  oscillate  only  in  a non- 
frequency  selective  cavity,  the  other  transitions  oscillate 
only  in  a frequency  selective  cavity. 
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FIG.  1.  Energy-level  diagram  for  the  Br*-NO  and  Br'-HjO 
laser  systems.  'l 

central  13-mm-diani  section  contains  the  lasing  gas 
mixture.  The  active  length  is  48  cm.  The  ends  of  the 
device  are  fitted  with  BaFj  Brewster  windows.  The 
flashlamp  is  driven  by  a commercial  400 -J  Marx  bank 
(Phase  R Co.).  This  flashlamp  has  a short  rise  time 
(O.S  Msec)  and  is  more  effective  in  producing  laser 
oscillation  in  molecular  systems  where  rapid  vibration - 
ai  energy  liansfer  acts  to  degrade  the  specificity  of 
process  (1).  In  addition,  the  flashlamp*driver  combina- 
tion can  be  operated  at  1 Hz,  allowing  for  convenient 
tuning  of  the  laser  transitions  by  means  of  an  i.ntracavity 
grating.  Stimulated  emission  from  either  device  is 
sent  through  interference  filters  and  a 0.  25 -m  mono- 
chrometer, where  it  is  detected  by  either  a Ge:Au  or 
Ge:Cu  detector. 

Gas  mixtures  containing  Br;,  H]0,  and  He  produce 
laser  emission  at  a variety  of  wavelengths  in  the  7-8- 
Mm  region  and  at  16.9  Mm  as  listed  in  Table  I.  Typi- 
cally, mixtures  are  composed  of  50®f  Brj  and  from  3*7 
to  50*^  H,0,  at  total  pressures  of  5—25  Torr.  The 
transitions  marked  with  asterisks  lase  in  a non-frequen- 
cy-selective cavity  at  the  lower  H,0  concentrations.  In 
the  non-frequency-selective  cavity  the  three  shortest 
wavelength  lines  lase  first,  beginning  at  about  the  peak 
of  the  photolysis  flash  and  lasting  1-2  Msec.  The 
transitions  at  1297  and  1317  cm*‘  begin  lasing  imme- 
diately thereafter  and  have  a duration  of  5-10  Msec. 

At  higher  HjO  concentrations  and  higher  flashlamp 
energies  these  two  become  dominant,  the  other  three 
decrease  in  intensity,  and  the  line  at  16.9  Mm  appears. 
Using  a gas  mixture  of  50%  Br*,  10%  HjO,  and  40% 

He,  at  a total  pressure  of  20  Torr,  we  have  observed 
separately  each  of  the  listed  transitions  between  7 and 
8 Mm<  These  results  were  obtained  using  the  48-cm 
device  with  an  intracavity  grating.  The  BaFj  Brewster 
windows  prevent  lasing  beyond  9 nm.  By  introducing 
optical  components  of  known  loss  Into  the  cavity,  we 
estimate  the  round-trip  gain  of  the  five  persistent  lines 
at  20—30%  per  pass.  Using  a pyroelectric  detector,  we 
estimate  the  combined  energy  of  the  five  strongest 
lines  at  100—500  mJ. 

A partial  energy  level  diagram  of  the  Br*  -H,0  system 
Is  given  in  Fig.  1.  TenUtlve  assignments  In  the  (020)- 
(010)  band  have  been  made  for  several  of  the  HtO 
transitions.  Definite  assignments  for  all  the  lines  will 
require  further  experiments  and  more  precise  wave- 
length measurements.  It  appears  that  the  strongest  of 
the  transitions,  at  1297  cm*‘,  is  the  same  one  previous- 
ly observed  in  FIR  H,0  lasers The  upper  level  of  this 


transition  is  near  resonant  with,  and  perturbed  by, 
rotational  states  in  (100)  and  (001).  The  respective 
amounts  of  stretching  and  bending  excitation  imparted 
to  H;0  vis  reaction  (1)  is  an  open  question.  Separate 
experiments  which  will  answer  this  question  are  in 
preparation  in  our  laboratory. 

Photolysis  of  gas  mixtures  containing  Br;,  NO,  and 
He  produces  stimulated  emission  near  5.5  Mm.  A 
vibrational -energy -level  diagram  of  the  Br*-NO  laser 
system  api>ears  in  Fig.  1.  Strongest  laser  output  oc- 
curs with  a gas  mix  composed  of  50%  Br,,  45%  He,  and 
5%  NO,  at  a total  pressure  of  5 Torr  in  the  l50-cm 
device  and  20  Torr  in  the  48-cm  device.  Lasing  occurs 
in  a pulse  ~ 1 Msec  wide,  slightly  after  the  peak  of  the 
photolysis  flash.  Lasing  occurs  near  1817  cm*',  with 
the  precise  frequency  varying  from  pulse  to  pulse.  This 
makes  accurate  frequency  measurements  difficult . 
However,  the  mean  value,  1817  cm'*,  corresponds 
roughly  to  the  center  of  the  P branch  of  the  NO(2, 1) 
band.  We  have  established,  by  other  means,  that  lasing 
is  indeed  occurring  on  the  (2, 1)  band  as  a result  of  E-V 
excitation.  Using  the  same  technique  employed  in  the 
Br^-HjO  system,  we  estimate  gain  in  the  48-cm  device 
at  5%  per  pass.  Output  pulse  energies  from  the  Br*  - 
NO  laser  were  somewhat  less  than  those  obtained  from 
the  Br»-H,0  system. 

The  details  of  the  NO  laser  are  complex,  and  con- 
siderable effort  has  been  devoted  to  determining  the 
laser  species,  the  laser  transitions,  and  the  pumping 
mechanism(s).  The  main  complication  arises  from  the 
fact  that  Btj  and  NO  react  spiontaneously  to  form  NOBr 
when  allowed  to  come  to  equilibrium  in  the  presence  of 
room  light.  Such  a mixture,  when  put  in  the  laser  tube, 
rfor.v  >inl  lase  on  the  first  photolysis  flash,  but  tloc^ 
lase  on  subsequent  flashes.  We  attribute  this  behavior 
to  the  photolytic  production  of  a large  density  of  Br 
atoms,  which  undergo  the  following  reaction*: 

Br*  NOBr-NO  + Br,.  (4) 

Thus,  the  effect  of  the  first  photolysis  flash  is  to  re- 
generate a portion  of  the  original  NO.  Nitric  o.xide  and 
molecular  bromine  form  a stable  mi.xture  once  inside 
the  laser  tube,  since  room  light  is  excluded  by  an  en- 
closure. Our  hypothesis  is  further  supported  by  the 
fact  that  Identical  10:1:10  mixtures  of  Brj,  NO,  and 
He,  when  prepared  with  the  room  lights  off,  lase  on 
the  first  flash,  as  well  as  subsequent  flashes. 

Previously,  NO  has  been  observed  to  lase  on  vibra- 
tional transitions  following  (lash  photolysis  of  NOCl.’*' 
Only  laser  transitions  in  the  (6,  5)  and  higher  bands 
have  been  reported.  Basco  and  Norrish’  have  shown 
that  vibrational  excitation  of  the  NO  fragment  can  re- 
sult from  photodissociation  of  NOCl  and  NOBr.  How- 
ever, very  little  photolysis  and  no  vibrational  excita- 
tion occur  when  photolysis  light  is  limited  to  \ >300  nm. 
In  our  device,  absorption  by  the  dye  soiution  restricts 
the  light  to  X >450  nm,  and  photodissociation  of  NOBr  is 
unimportant  in  the  production  of  vibrationally  excited 
NO.  To  further  establish  that  £-F  excitation  of  NO  is 
the  laser  pumping  mechanism,  gas  mixtures  of  4 Torr 
He  and  0.2  Torr  NOBr  or  0.2  Torr  NOCl  were  photo- 
lyzed.  Experimental  conditions  were  maintained  the 
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studies  have  shown  that  more  Chan  one  quantum  can  be 
efficiently  excited  by  E~V  exchange  tor  the  cases  Br* 

■*•  COj  *•*  and  I*  + HF.  “ It  will  be  interesting  to  study 
E~V  transfer  from  I*  to  NO.  This  process  is  near 
lesoiunl  tor  Ac  ==4,  and  quenching  of  I*  by  NO  is  also 
rapid."  Quenching  of  Br*  by  Oj  is  efficient,"  and  it  may 
be  that  the  paramagnetic  nature  of  NO  and  Oj  is  impor- 
tant in  quenching  spin-orbit  states  such  as  Br*  and  I*. 
Further  experiments  will  be  required  to  resolve  these 
and  other  questions. 


FIG.  2.  Simplified  energy-level  diagram  of  the  Br*-N,0  laser 
•y*e“.  Energy  transfer  processes  dre  shown,  which  are  im- 
portant in  the  indirect  pumping  of  N,0  via  HCl  or  CO;. 

e 

I same  as  in  previous  experiments,  but  these  mixtures, 

containing  no  excess  of  Br,,  did  not  Use.  Referring  to 
Fig.  1,  it  can  be  seen  that  NO(r  = 2)  and  Br*  are  very 
close  In  energy,  while  the  energy  of  NO(r  = 3)  will  lie 
almost  1900  cm"  above  Br*.  For  this  reason.  E-V 


Our  results  arc  also  of  technological  significance, 
since  the  Br*-H,0  laser  represents  the  first  simple 
line  tunable  laser  source  operating  between  7 and  8 pm. 

The  dense  vibration -rotation  spectrum  of  H,0  in  this 
region  suggests  that  greater  tunability  is  possible. 

E’V  excitation  of  H,0  may  also  generate  population  in- 
versions on  the  FIR  H,0  laser  transitions. 

Stimulated  emission  from  NO  in  the  Br*-NO  system 
is  rather  weak.  Processes  such  as  i 


exciUtion  of  NO  by  Br*  can  only  be  significant  for  t'  s2. 
Since  the  3.5-pm  stimulated  emission  from  our  device 
shows  no  appreciable  attenuation,  when  passed  through 
a 4 -cm  long  cell  containing  6 Torr  of  NO,  we  conclude 
that  lasing  is  occurring  on  the  (2,1)  band. 

Earlier  experiments  with  N,0  ‘ have  shown  that  di- 
rect E-V  transfer  from  Br*  to  N,0  results  in  a small 
amount  of  opUcal  gain,  -O.OOl  cm",  on  the  usual  (001)- 
(100)  laser  transitions.  Using  the  ISO-cni  device,  we 
have  been  unable  to  obtain  laser  oscillation  using  gas 
mixes  that  conUin  only  Br,,  N,0,  and  a buffer.  How- 
ever, by  combining  Br,,  CO,,  and  N,0  we  obtain  stimu- 
lated emission  from  both  CO,  and  N,0.  As  shown  in 
Eli-  2,  E-V  transfer  selectively  excites  the  f,  mode 
of  CO,.  This  excitation  la  rapidly  shared  through  V-V 
processes  with  the  v,  mode  of  N,0.  To  further  explore 


NO(i'  = 2)  ' NO(»'  = 0)  - 2 NO(c  = 1)  - 28  cm"  (5) 
and 

NO(c  = l)  + NO(i  =0)-2  NO(i'  = 0)-^  1876  cm"  (6) 

are  very  rapid"  and  it  is  probable  that  kinetic  processes 
involving  NO  will  limit  this  system  to  low-pressure 
low -power  operation.  Nevertheless,  an  NO  laser  oper- 
ating on  the  (2,1)  band  may  be  a useful  probe  tor  vibra- 
tlonally  excited  NO. 

The  sensitlaatlon  technique,  particularly  utilizing  a 
diatomic  such  as  HCl,  further  increases  the  generality 
of  E-V'  transfer  as  a laser  pumping  mechanism.  Using 
this  technique,  it  should  be  possible  to  obtain  stimulated 
emission  from  a variety  of  molecules  which  do  not  in- 
teract directly  with  the  electronically  excited  atom. 


, } 


this  Indirect  E-V  pumping  mechanism,  or  “sensitiza- 
Uon",  HCl  was  substituted  for  CO,  In  the  gas  mix- 
tures. The  energy-level  scheme  of  this  system  is  also 
shown  in  Fig.  2.  E-V  excitation  of  HCl  is  extremely 
rapid,"  while  V-V  transfer  from  HCl  to  N,0  is  be- 
lieved to  be  fast.  Thus,  HCl  Is  an  effective  Interme- 
diate in  this  two-step  pumping  process.  Using  the  ISO- 
cm  device,  gas  mixtures  of  5 Torr  Br,,  1 Torr  HQ. 

3 Torr  N,0,  and  16  Torr  He  produce  N,0  laser  pulses 
of  several  mJ  near  10.9  pm. 

In  all  fairness.  It  should  be  pointed  out  that  direct 
E-V  exciUtion  from  Br*  has  failed  to  produce  stimulat- 
ed emission  in  a number  of  molecules.  We  have  tried 
Dfi,  SO,,  OCS,  CS,,  and  CH,  at  various  times  without 
success.  Although  the  quenching  of  Br*  has  been  mea- 
sured and  found  to  be  rapid"""  for  all  of  these  species 
except  SO„  Uck  of  specific  E-V  transfer  and/or  delete- 
rious Intramolecular  energy  transfer  processes  may 
prevent  laser  oscillation. 

Our  experlmenUl  results  contribute  to  an  under- 
standing of  some  aspects  of  E-V  transfer.  Laser 
emission  on  the  (2, 1)  band  of  NO,  resulting  from  E-V 
transfer,  further  points  out  the  Importance  of  energy 
resonance  in  this  process.  Quenching  of  Br*  by  NO  is 
very  rapid,"  and  our  results  indicate  that  excitation 
of  ew  2 is  a major  deactivation  channel.  Previous 


As  a final  note,  we  would  like  to  point  out  that  E-V 
laser  systems  are  not  necessarily  limited  to  pulsed 
operation.  We  have  colUnearly  propagated  a cw  CO, 
probe  laser  and  a 1-W  488 -nm  Ar  laser  through  a low- 
pressure  gas  cell  (3. 5 mm  in  diameter  < 20  cm)  con- 
taining Br,  and  CO,,  and  observed  2-3<x  gain  at  10.6 
pm.  The  measured  gain  is  within  an  order  of  magnitude 
of  the  theoretical  maximum,  taking  into  account  the 
pumping  rate  and  loss  rate  due  to  spontaneous  emission, 
vibrational  deactivation,  diffusion,  etc.  No  other  fun- 
damental limitations  were  detected.  By  using  a higher 
pumping  rate, " it  would  be  straightforward  to  obtain 
oscillation  at  CO,  laser  frequencies,  and  it  may  also  be 
possible  to  obtain  cw  operation  at  other  molecular 
frequencies. 

The  authors  acknowledge  many  enlightening  discus- 
sions with  S.  R.  Leone,  and  the  loan  of  equipment  by 
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Line-tunable  CO2  laser  operating  in  the  region  2280-2360 
cm"^  pumped  by  energy  transfer  from  Br(42p^/2)“’ 
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A line-tunable  CO.  laser  operating  in  the  region  2280-2360  cn*"'  described.  The  laser  is  pumped  by 
electronic-to-vibrational  energy  Iransrer  Trom  Br<4^/>,  ,)  atoms,  whi^u  are  produced  directly  by  the  pulsed 
photolysis  of  Br;.  to  CO.  molecules.  The  energy-transfer  process  is  shown  to  be  mode  specific,  populating 
the  (KTl)  slate  of  CO.  directly  and  thereby  providing  for  stimulated  emission  on  the  (10'l)-(l(nD) 
band  near  4.3  pim.  The  esperimental  arrangement  provides  a simple  line-tunable  soutce  of  laser  radiation 
in  this,  as  well  as  other,  ir  specir^  regions.  Further,  the  arrangement  is  quite  convenient  and  easy  to  use 
since  the  technology  involved  is  fierived  from  that  of  flash-pumped  dye  and  Nd  lasers,  and  the  laser  gas 
samples  do  not  degrade  with  iijc.  allowing  the  system  to  be  operated  in  a sealed-olf  mode 

PACS  numbers;  42.55.Dk,  82.20  Rp,  34.J0.Ez 


I.  INTRODUCTION 

In  previous  publications,''*^  the  authors  have  reported 
the  development  of  pulsed  infrared  molecular  lasers 
pumped  by  electronic-to-vibrational  (E-V)  energy 
transfer  from  Br(4’Pj^2),  hereafter  referred  to  as  Br*, 
to  small  polyatomic  molecules.  As  a consequence  of 
the  selective  nature  of  the  excitation  process,  we  have 
obtained  laser  oscillations  in  the  region  3.85—16.9  (im 
from  the  species  HCN,  COj,  NjO,  NO,  and  HjO.  In  all 
of  these  experiments,  Br*  was  generated  by  the  pulsed 
photolysis  of  Br,  in  the  blue-green  portion  of  the  spec- 
trum. These  experiments  have,  for  the  most  part, 
been  carried  out  with  a conventional  flash  photolysis 
apparatus,  using  a high-energy  linear  flashlamp.  In  this 
paper,  we  report  a detailed  investigation  of  the  4.3-Mm- 
region  CO,  laser  which  is  pumped  by  the  processes 

Brj  + Kv— Br-I-Br*,  (1) 

Br*  +C0j(000)-Br +C02(10°1)-30  cm*'.  (2) 

A triaxial  flashlamp  arrangement  was  used  in  the  pre- 
sent study,  and  this  design  provides  significant  im- 
provement over  linear  flashlamp  arrangements  with 
regards  to  excitation  rise  time  and  prf,  so  that  we  have 
been  able  to  investigate  the  E-V— pumped  laser  systems 
more  carefully  than  before.  In  addition,  the  simplicity 
of  the  present  design  encourages  duplication  by  other 
e.xpenmenters  who  may  have  use  for  the  particular  char- 
acteristics of  one  of  the  E-V— pumped  molecular 
lasers. 

II.  EXPERIMENTAL 

The  principles  of  operation  of  the  various  E-V  laser 
systems  have  been  described  in  Refs.  1—3.  Briefly, 
static  gas  mixtures  containing  Br,  and  a second  mo- 
lecular species  are  subjected  to  flash  photolysis  in  the 
blue-green  spectral  region.  Photodissociation  of  the 
Dr,  yields  both  Br  and  Br*.''  The  second  molecular 
species  is  unaffected  by  the  photolysis  flash,  but  is 
vibrationally  excited  by  E-V  transfer  from  Dr*.  Lasing 
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occurs  on  vibrational  transitions  in  the  second 
molecule. 

A block  diagram  of  the  arrangement  used  in  the  pre- 
sent experiments  is  shown  in  Fig.  1.  The  apparatus 
differs  from  that  used  previously  in  that  it  is  more 
compact,  convenient  to  operate,  and  capable  of  prf’s 
^ 1 Hz.  In  addition,  the  shorter  rise  time  (0.5  psec)  of 
the  photolysis  light  in  this  device  is  prerequisite  to 
minimizing  the  deleterious  effects  of  energy-transfer 
collisions  which  act  to  degrade  the  specificity  of  pro- 
cesses such  as  process  (2).  The  laser  itself  is  a tri- 
axial device,  combining  a flashlamp,  cooling  jacket, 
and  laser  tube.  A cross-sectional  view  of  the  device 
is  shown  in  Fig.  2.  Two  pieces  of  commercial  quartz 
tubing  and  two  cylindrical  stainless-steel  electrodes  are 
assembled  with  epoxy  to  form  a coaxial-type  flashlamp. 
The  flashlamp  annulus  is  0.7  mm  wide,  with  a diameter 
of  23  mm,  and  an  arc  length  of  48  cm.  A separate  12- 
mm-i.d.  Pyrex  tube  passes  through  the  center  of  the 
lamp.  The  2-mm  annulus  between  the  Pyrex  tubing  and 
the  flashlamp  contains  a solution  of  7-diethylamino  4- 
methyl  coumarin  dye  dissolved  in  ethanol.  This  solution 
is  circulated  in  a closed  cycle  through  the  annulus  and 
a water-cooled  heat  exchanger.  The  dye  solution  has 
the  dual  purpose  of  cooling  the  lamp  and  also  increasing 
the  production  of  Dr*  because  of  its  strong  fluorescence 
in  the  blue-green  speciral  region.^  The  central  Pyrex 
tube  is  connected  to  a conventional  glass  vacuum  sys- 
tem and  is  filled  with  the  laser  gas  mixtures.  All  vac- 
uum connections  are  made  with  Pyrex  and  Viton,  using 
a small  amount  of  fluorinated  grease,  Kryto.x  240  AD, 
for  lubrication.  The  ends  of  the  laser  tube  are  fitted 
with  0-ring  joints  and  removable  Drewster  windows. 

The  flashlamp  contains  a static  fill  of  -70  Torr  of 
xenon,  supplied  from  a separate  gas-handling  system. 
Nominally,  after  a day  of  e.xperiments,  the  lamp  is 
evacuated  and  refilled.  The  outside  of  the  lamp  is 
wrapped  with  heavy-duty  aluminum  foil,  serving  as  a 
current  return  and  light  reflector.  A loosely  fitting 
Lvicite  tube  surrounds  the  entire  flashlamp.  Air  is 
passed  through  the  annulus  space  thus  formed,  and 
provides  additional  cooling 

Chemicals  were  purified  as  follows;  Helium  was 
passed  through  a trap  at  77 ‘K,  CO,  was  passed  through 
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FIG.  1.  Schematic  drnwlni;  a(  the  exper- 
imental arrai^mcnt. 


a trap  at  179 *K.  Liquid  Br,  waa  repeatedly  degassed  at 
233  •K. 

The  nashlamp  is  driven  by  a two-stage  Marx-bank 
(Phase-R  Co.),  mounted  in  an  aluminum  frame.  The 
top  of  the  frame  serves  as  an  optical  bench  for  the 
laser  tube  and  optical  components.  The  Marx-bank  is 
charged  by  a 25-kV  power  supply.  Maximum  energy 
storage  is  625  J,  but  almost  all  laser  experiments  are 
performed  with  discharge  energies  <400  J.  Using  dis- 
charge energies  of  200—400  J,  flashlamp  output  typical- 
ly occurred  in  a burst,  having  a rise  time  of  0.5  psec 
and  FWHM  of  1.0  psec.  This  was  followed  by  a long 
tail,  25%  of  the  peak  intensity,  lasting  25  psec.  Xenon 
gas  fills  produced  the  most  intense  light  output,  followed 
by  krypton  and  argon.  Output  from  xenon  was  about 
three  times  greater  than  that  from  an  equal  amount  of 
argon.  The  flashlamp  has  been  discharge  over  15  000 
times  in  a one-month  period  with  no  observable  degrada- 
tion in  performance. 


III.  RESULTS 

Using  this  device  we  have  investigated  laser  transi- 
tions in  CO,,  HCN,  H,0,  and  NO.  Results  of  the  H,0 
and  NO  work  have  been  reported  briefly  elsewhere.’ 

As  with  the  previous  laser  apparatus,’  stimulated 
emission  from  CO,  is  observed  near  10.6,  4.3,  and  14.1 
pm.  Output  pulse  energies  of  IS  mJ  at  10.6  pm  are 
obtained  using  laser  gas  mixtures  containing  1:1. 

Br,  :CO,  at  a total  pressure  of  *65  Torr,  and  400  J of 
flashlamp  energy.  Lower  energies  are  obtained  using 
mixture  diluted  with  He  to  a pressure  of  1 atm,  the 
limit  of  the  apparatus. 

Stimulated  emission  near  4.3  pm  was  observeil  during 
photolysis  of  gas  mixtures  containing  CO,  and  Dr,  and 
this  emission  was  investigated  in  detail.  Such  eniis.sion 
occurred  in  mixtures  where  the  CO,  content  was  » . 

Lasing  was  very  persistent,  and  occurred  at  CO,  par- 
tial pressures  as  low  as  a few  niTorr  in  liigh-i^  optical 
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FIG.  .’I.  Schematic  drawing  of  the  temperature-dependent  ab- 
aurptlun  experiment. 
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cavities.  Lasing  generally  occurred  in  a pulse  -5  4Sec 
wide.  The  4.3-Mnt  emission  been  assigned  to  the 
(I0‘*l)-(10‘*0)  band  for  reasons  to  be  described  below. 
Stimulated  emission  near  4.3  pm  from  CO,  was  first 
observed  by  Rao  ct  <il,  in  a (^-switched  CO,  laser.* 
However,  these  oscillations  occurred  on  the  (10*’2)- 
(lO"!)  and  (02*’l)-^02'’0)  bands  and  are  not  a consequence 
of  a selective  excitation  process  but  rather  the  fast 
depopulation  of  the  i',  mode  by  stimulated  emission  at 
10.6  pm. 

Strongest  laser  emission  at  4.3  pm  occurred  using 
gas  mixtures  containing  50%  Br,,  1—2%  CO,,  and  the 
balance  He.  No  lasing  at  4.3  pm  was  observed  in  gas 
mixtures  where  Ar  was  used  as  a diluent  in  place  of 
He.  Optimum  total  gas  pressures  were  20—25  Torr. 
Laser  pulses  of  0.5  mJ  were  obtained  using  an  optical 
cavity  composed  of  a gold  mirror  and  a dielectric 
mirror  739[R  at  4.3  pm.  Optical  gam  is  quite  high, 
estimated  at  >30%  per  pass,  which  is  reasonable  since 
the  laser  transitions  involve  the  change  of  a single 
quantum  of  !<,  excitation.  The  transition  moment  for 
au,  = 1 transitions  in  CO,  is  large,  allowing  large  op- 
tical gains  to  occur  with  relatively  small  inversion 
densities. 


The  laser  frequency  in  a non-frequency-selective 
cavity  was  measured  as  2304  t2  cm'*  14.34  pm).  This 
corresponds  roughly  to  110‘'1)-U0*’0)  P(26),  although 
several  similar  overlapping  bands  exist  with  upper  lev- 
els energetically  accessible  to  Br*.  Bands  such  as 
101‘1)-101‘0),  110'’1)-(10'’0),  (02®l)-l02<’0)  and  102M)- 
(02^0)  were  all  possible,  while  (11‘1)-(11‘0)  and  (03"!)- 
i03‘’0)  seemed  less  likely  because  their  upper  levels  are 
several  hundred  cm'*  above  the  energy  of  Br*  13685 
cm'*).  Since  these  bands  are  all  overlapping,  it  is  non- 
trivial to  make  an  unambiguous  assignment  on  the  basis 
of  the  many  measured  laser  frequencies  alone.  Thus, 
r.ather  than  trying  to  measure  the  laser  frequencies  to 
high  accuracy  (we  did  not  have  a high- resolution  mono- 
chromator available  for  these  measurements)  we 
adopted  several  alternate  techniques  that  would  allow  us 
to  identify  the  laser  transitions.  With  a sufficiently 
high-resolution  monochromator,  it  is  likely  that  un- 
ambiguous assignments  could  have  been  made  on  the 
basis  of  tine  assignments  alone. 


It  was  noted  that  the  laser  output  was  strongly  .ab- 
sorbed in  a small  gas  cell  containing  CO,  at  a few 
Torr  pressure.  Taking  advantage  of  this  fact,  an  ex- 
periment was  designed  to  determine  which  transition 
was  responsible  for  lasing.  The  experinionial  arrange- 
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ment  Is  shown  in  Fig.  3.  Output  from  the  4.3-pm  laser 
was  passed  through  a cell  containing  known  amounts  of 
CO,.  The  degree  of  absorption  was  determined  by 
comparing  signals  from  two  detectors.  The  change  in 
this  absorption  was  monitored  as  the  temperature  of 
the  absorbing  gas  was  increased. 


All  of  the  above  "hot”  bands,  involving  .ibsorption  of 
one  p,  quantum,  were  assumed  to  have  nearly  the  same 
transition  dipole.*  Differences  in  their  absorption 
strengths  would  then  be  due  mainly  to  thermal  popula- 
tion of  their  lower  levels.  Using  the  value  2700  cm'' 
atm**  for  the  (00®0)-(00®l)  band  strength’  and  the  rela- 
tive line-strength  calculations  of  Cray,*  the  following 
approximate  absorption  coefficients  were  obtained. 


(OCO-fOO®!) 
(01*0)- (01*1) 
(02'»0)-(02“l) 
(10®0)-(10*1) 


11.0  cm'*Torr‘ 
0.45  cm'* Torr'* 
0.023  cm*‘Torr‘ 
0.014  cm*‘Torr'* 


The  above  values  assume  absorption  at  the  center  of  a 
Doppler-broadened  P-branch  line  with  7 = 20  and  T 
= 300°K.  From  the  absorption  observed  in  the  e.xperi- 
ment,  it  was  immediately  clear  that  the  absorbing,  and 
therefore  lasing,  transition  could  not  be  (0l'l)-(0l‘0). 
The  absorption  coefficient  obtained,  as  well  as  its 
temperature  dependence,  indicated  that  the  lower  en- 
ergy level  of  the  transition  was  at  1300  cm'*,  a value 
near  the  (10*0),  (02°0),  and  (02*0)  levels.  Unfortunately, 
the  precision  of  the  experiment  was  not  sufficient  to 
distinguish  among  these  three.  The  (02'l )-(02'0)  transi- 
tion was  ruled  out,  however,  by  other  means.  Using 
the  constants  given  by  Herzberg,*  its  band  center  wa.s 
calculated  to  be  2361  cm'*.  Lasing  at  2304  cm'*  would 
require  that  the  transition  be  roughly  P(60).  That  the 
largest  optical  gain  would  occur  on  such  a high-7 
transition  is  extremely  unlikely. 


FREQUENCY  tem"') 

FIG.  1.  I'rwiui'noy  sin'ctnim  nf  the  •l..l-um  (.'O.  l.Tsvr  obt.Tinod 
by  tuninic  the  intrniMvtty  grntlnt;.  The  circles  show  relative 
output  intensity  U various  i-ratlnit  settinn<.  Sivoi -to-slv.t  flvu' 
tuatioiis  arc  approxonatclv  in  . 
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Assignment  was  thus  narrowed  down  to  the  (lO”!)* 
(10*0)  and  (02*l)-(02*0)  bands  centered  at  2326.59  and 
2327,38  cm"*,  respectively.  Lasing  on  either  or  both  of 
these  baiKis  seemed  quite  plausible.  Using  the  device 
shown  in  Fig.  2 equipped  with  an  intracavity  grating, 
laser  oscillation  was  tuned  throughout  the  (as  yet  un- 
identified) band  and  found  to  extend  over  a range  of 
*80  cm*'.  This  tuning  range  is  comparable  to  that  ob- 
served on  the  usual  9.4-  and  10.4-pm  laser  bands  tn 
COj.  A plot  of  stimulated  emission  intensity  versus 
frequency  is  shown  in  Fig.  4.  The  results  show  a P- 
and  A-branch  profile,  as  expected  of  either  of  the 
bands,  both  of  which  are  Z-Z  bands.  There  are  several 
“holes’*  in  the  laser  spectrum,  ho^tever,  of  which  one, 
at  *2300  cm*‘,  is  particularly  pronounced.  These 
“holes"  and  the  spectrum  in  gene'fal  were  quite  repeat- 
able  in  successive  measurements.  Several  explanations 
for  these  “holes"  are  possible,  but  the  most  likely  is 
that  there  are  accidental  coincidences  between  the  laser 
transitions  and  absorbing  CO,  transitions  which  in- 
volve unexcited  CO,  molecules.  Oscillation  at  these 
frequencies  is  prevented  because  of  the  absorption,  due 
to  CO,  in  the  atmosphere,  or  unexcited  CO,  in  the  laser 
tube. 

To  check  this  hypothesis,  frequencies  of  the  rotational 
components  in  the  (10®1)-(10“0),  (02*1)- (02*0),  and 
(00*1)-(00*0)  bands  were  calculated  using  the  standard 
formula* 

1/  = v,  + + B‘)m  + (A*  - flt  - + D‘)»i^ 

-2U>  + D*)m*-(A«-P')w\  (3) 

Here  v is  the  calculated  frequency,  is  the  frequency 
of  the  band  center,  and  B and  D are  rotational  constants 
of  the  upper  and  lower  vibrational  states,  denoted  by 
M and  /.  For  A-branch  lines,  m =J+1,  and  for  P- 
branch  lines,  m = -J.  Molecular  constants  given  by 
Courtoy  were  used  in  the  calculation.'*  The  most  strik- 
ing feature  emerging  from  this  calculation  is  a coinci- 
dence within  0.01  cm"*  between  (10®1)-(10*0)  P(30)  and 
(00®1)-(00®0)  P(52)  at  2300  cm"*.  There  are  no  such 
coincidences  between  the  (02®l)-(02“0)  and  (00*1  >-(00*0) 
bands  at  2300  cm*'.  Although  the  accuracy  of  the  cal- 
culation itself  may  be  only  0.01  cm*',  it  suggests, 
nevertheless,  that  lasing  occurs  on  the  (10*1)-(10'’0) 
band.  It  further  suggests  that  lasing  does  not  occur  on 
both  bands.  The  pronounced  variation  in  laser  intensity 
with  respect  to  frequency  such  as  was  observed  at 
2300  cm*'  would  require  accidental  absorption  coinci- 
dences in  lx)th  Laser  bands  for  the  same  absorliing 
frequency,  something  which  is  very  unlikely.  Assign- 
ment of  the  4.3-Mm  stimulated  emission  to  the  (10*1)- 
(10*0)  band  was  further  supported  by  observation  of 
laser  emission  on  the  Q branch  of  the  (lO'D-tOl'l)  band, 
which  has  the  same  upper  level.  This  emission  occurred 
near  711  cm"*. 

Lasing  tn  HCN  has  also  been  observed  in  two  regions 
near  3.85  and  3.9  ^m,  when  using  an  intracavity  CaF, 
prism.  These  transitions  have  been  identified  as  the 
Q and  P branches,  respectively,  of  the  (OO'T)-(Ol'O) 


band.'  Maximum  output  pulse  energy  at  3.85  pm  is  2 
mJ. 

IV.  DISCUSSION 

Our  present  experimental  results  confirm  that  the 
(101)  stale  of  CO,  is  selectively  excited  by  energy 
transfer  from  Br*,  and  that  this  state  is  ot  Ivaftt  one 
of  the  iiiajor  product  channels.  It  must  lie  cautioned  that 
our  inability  to  detect  stimulated  emission  emanating 
from  states  other  than  (101)  does  not  prve  that  other 
states  are  not  excited.  Although  significant  excitation 
of  (021)  appears  unlikely  on  the  basis  of  our  results, 
states  such  as  (210),  (200),  (001),  etc.,  are  not  un- 
reasonable product  species.  In  separate  experiments, 
we  have  measured  the  quenching  of  Br*  by  CO,  and 
have  found  this  to  proceed  with  a room-temiierature 
rate  coefficient  of  5xl0*  sec"*  Torr"*.*'"  Since  CO, 

(101)  is  collisionally  deactivated  by  collisions  with  CO, 
(000)  with  a rate  coefficient  of  4.2 x 10*  sec*'  Torr*','*  it 
is  clear  that  little  energy  can  be  stored  in  the  (lOl) 
state,  and  it  is  only  a judicious  choice  of  operating  pa- 
rameters that  allows  us  to  overcome  the  efficient  deacti- 
vation of  this  state.  Nevertheless,  a small  increase  in 
the  active  laser  volume  will  make  several  niJ  of  line- 
tunable  radiation  in  the  4.3-Mm  region  conveniently 
available. 

ft  should  be  emphasized  that  the  E-V  laser  design 
described  here  is  very  similar  to  that  of  commerically 
available  coxxial  dye  lasers.  Indeed,  several  of  the 
E-V— pumped  laser  transitions  have  operated  well  in  a 
commercial  dye  laser  tube  (Phase-R  Co.  type  DL-18) 
with  only  minor  modification.  The  pulse  repetition  rate 
in  our  device  is  limited,  at  present,  by  flashlamp 
cooling  and  power  supply  considerations.  It  api>ears 
that  the  well -advanced  flash-pumped  dye  laser  and 
Nd  : YAG  laser  technology  can  be  applied  readily  to 
E-V  laser  systems.  The  result  might  be  simple  high- 
repetition-rate  line-tunable  laser  sources,  operating 
in  spectral  regions  where  no  such  sources  presently 
exist. 
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Electronic-vibrational  energy  transfer  from  Br(4*Pi/2) 
HCN,  and  deactivation  of  HCN  (001)* 

A.  Hariri,  A.  B.  Petersen,  and  C.  Wittig 

Eltcirical  Engintthng  Departmtnl,  Vniivniiy  of  Souihern  California.  Univenity  Park,  Los  Angtits. 
California  'XM07 
(Received  13  March  1976) 

A pulsed  dye  laser  has  been  used  to  phoiolytically  produce  electronically  excited  bromine  atoms  in  the 
Male  in  (as  mixtures  containing  HCN.  By  monitoring  the  lime  resolved  Huorescence  from  the  ((X)l) 
stale  of  HCN,  it  was  possible  to  determine  the  rate  coefTicient  for  elecironic-vibralioiisl  (E-y)  energy 
transfer  from  Br(4’P,,])  to  HCy.  Rate  coeflicienis  for  the  deactivation  of  HCN(OOI)  were  also  measured 
for  the  collision  partners  HCN,  Br,.  and  Ar. 


I.  INTRODUCTION 

Th«  colUsional  quenching  of  electronic  excitation  in 
atoms  and  molecules,  with  resulting  excitation  of  mo- 
lecular vibrations,  is  a process  that  is  currently  under 
study  in  a number  of  laboratories.  In  general,  this 
electronic-vibrational  (E-V)  energy  transfer  can  in- 
volve a variety  of  inter-  and  intramolecular  processes 
and  can  cover  a wide  range  of  excitation  energies.  For 
low  electronic  excitations,  it  is  possible  to  study  “near- 
resonant"  £-V  energy  transfer  in  which  only  one  or  a 
lew  vibrational  quanta  are  Involved.  Thus,  several  ex- 
perimental studies  can  be  found  in  the  literature  con- 
cerning E-V  transfer  from  the  states  of  I and  Br 
(lying  at  7603  cm*’  and  3685  cm*',  respectively)  to  spe- 
cific vibrational  levels  of  small  molecules. 

In  this  paper,  we  present  experimental  results  con- 
cerning the  quenching  of  Br(4*P,/,),  hereafter  referred 
to  as  Br*,  by  HCN,  with  resulting  excitation  of  the  i/, 
mode  ol  HCN  [(001)  state].  Although  a large  number  of 
quenching  channels,  as  shown  In  (1),  are  energetically 
available,  the  efficient  and  specific  excitation  of  the 
(001)  state  resulU  in  (2)  being  the  major  quenching 
route; 

Br*  ♦HCN(000)-Brv.HCN(all  states),  (1) 

Br*+HCN(000)-BrvHCN(001)  + 374  cm*’.  (2) 

Rate  coefficients  are  determined  for  (1)  and  (2)  as  well 
as  several  subsequent  energy  exchange  processes  con- 
cerning the  (001)  state  of  HCN.  This  Is  the  first  study 
of  the  kinetics  of  the  (001)  state  of  HCN.  HCN  is  an  in- 
teresting molecule,  and  the  (001)  state  is  quite  analo- 
gous to  the  HX  vibration  of  the  hydrogen  halides.  These 
measurements  have  direct  bearing  on  several  infrared 
HCN  lasers,  developed  by  ourselves  and  others,  in 
which  selective  pumping  is  achieved  by  excitation  of  the 
v,  vibration. ’•*•*  In  these  devices,  it  is  Important  to 
understand  energy  transfer  processes  concerning  the 
(COl)  state  since  this  is  the  upper  laser  level  of  several 
transitions  which  have  been  seen  in  stimulated  emission. 

II.  EXPERIMENTAL 

The  experimental  technique  is  straightforward.  A 
coaxial  flashlamp-pumped  dye  laser  is  used  to  produce 
laser  energies  of  50-100  mJ  (FWHM)-0.5  (^sec)  at  ap- 
proximately 485  nm  when  using  coumarin  151  in  an 
ethanol,  H(0  solution.  The  dye  laser  is  operated  with- 

14 

1872  The  Journel  of  Chemical  Phyticx,  Vol.  65.  No.  5,  1 September 


out  a frequency  selective  element  In  the  optical  cavity 
since  Br;  absorbs  continuously  in  the  region  near  485 
nm.  The  dissociation  of  Br;  in  this  wavelength  region 
produces  one  excited  atom  (4*i>i/,)  and  one  ground  state 
atom  (4*P,,;)wlth  roughly  unity  efficiency."’  The  en- 
tire dye  laser  apparatus  is  contained  within  an  Al  en- 
closure in  order  to  minimize  electrical  transients  pro- 
duced by  the  flashlamp  (2  100  J,  FWHM  1 psec). 

The  output  from  the  dye  laser  is  directed  into  a sample 
cell  which  contains  a mixture  ol  Br;,  HCN,  and  Ar. 
Because  of  the  small  absorption  coefficient  of  Br;  at 
485  nm  (1.2'^  cm"'  • torr*'),  the  dye  laser  output  is  re- 
flected through  the  cell  several  times  in  order  to  pro- 
duce sufficient  Br*. 

Spontaneous  emission  is  observed  at  right  angles  to 
the  laser  beam  with  a large  area  (1.2  cm*)  InSb  photo- 
voltaic detector  (Spectronics).  Various  interference 
filters  can  be  attached  to  the  cold  finger  directly  in 
front  ol  the  detector  element  in  order  to  separate  the 
different  emissions  and  reduce  the  amount  of  back- 
ground flux.  Additional  (room  temperature)  filtering 
is  always  necessary  to  completely  block  scattered  la- 
ser light.  The  detector  output  is  amplified  and  re- 
corded with  a transient  digitizer  (Biomation  805).  Typi- 
cal signals  are  shown  in  Fig.  1.  Signal  to  noise  ratio 
r/ith  this  apparatus  has  been  high,  and  signal  avericing 
has  not  been  necessary. 

Gas  samples  are  prepared  in  a Pyrex  vacuum  system 
ol  conventional  design.  All  stopcocks  are  constructed 
of  Pyrex  and  viton,  and  a small  amount  of  fluorinnted 
grease  is  used  for  lubrication.  Pressures  are  mea- 
sured with  a capacitance  manometer.  HCN  (Fumico)  is 
purified  by  repeated  freeze-pump-thaw  cycles  and  dis- 
tillation. Ar  (Airco,  99.  998%)  is  withdrawn  from  a 
sample  held  at  77  °K.  Br;  (Aristar  grade  from  British 
Drug  House,  99.8%  pure;  is  the  most  difficult  chemical 
to  purify  and  requires  considerable  care.  Repeated 
fractional  distillation  followed  by  slow  passage  over 
P;Os  is  used  to  purify  the  Br;.  In  addition,  the  glass 
apparatus  in  which  the  Br;  is  to  be  handled  should  be 
seasoned  by  exposure  to  Br;,  and  heated  under  vacuum 
as  much  as  possible  in  order  to  minimize  the  amount 
of  H;0  on  the  surfaces.  Having  taken  these  precautions, 
there  is  no  detectable  molecular  fluorescence  when  20 
torr  of  Br;  is  photolyzed  in  the  sample  cell.  When  20 
torr  of  poorly  purified  Bt;  is  photolyzed  in  the  cell,  we 
readily  detect  spontaneous  emission  from  H.Oand  or  HBr. 
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FIG.  l.  Typical  data  from  the  tranatent  recorder  ahowlng 
HCNIOOI)  fluorescence  from  a sample  containing  7 torr  of  a 
1:3:13  mixture  of  HCN ; Br, : Ar.  U1  and  fls)  show  the  rise 
and  fall  of  HCNfOOl)  fluorescence,  respectively. 


cesses  that  add  to  the  complexity  of  the  system  [e,  g. , 
HCNfOOl) Or],  Also,  quenching  of  HCNfOOl)  by  Ar  is 
inefficient,  and  this  is  discussed  below.  Thus,  the  re- 
laxation time  of  HCNfOOl)  is  given  by 

Toi,=<rjHCN)*MBr,l  , f9) 

and  and  1-,  can  be  obtained  by  varying  the  mole  frac- 
tion of  the  gas  sample, 

IV.  RESULTS 

Experimental  results  for  the  quenching  of  Br*  by 
HCN  and  Br,  and  for  the  quenching  of  HCNfOOl)  by  HCN 
and  Bri  are  shown  in  Fig.  2.  All  of  these  data  were  ob- 
tained using  a narrow-band  fO.  iMm)  interference  filter 
to  select  fluorescence  from  the  HCNfOOl)  state.  Each 
point  represents  an  average  of  six  data,  corresponding 
to  six  different  total  pressures.  The  standard  devi- 
ations from  these  six  data  points  are  usually  smaller 
than  could  be  conveniently  shown  in  Figs.  2fa)  and  2fb). 
The  intercept  at  =0  was  obtained  by  carefully  col- 
lecting data  in  this  region  and  analyzing  them  separately 
in  order  to  insure  the  most  accurate  intercept.  Good 
signals  were  obtained  with  JThcn  as  low  as  0.01.  The 
laser  beam  was  kept  sufficiently  diffuse  in  these  ex- 
periments so  that  atom  production  did  not  affect  the 


III.  RATE  PROCESSES 

The  production  of  Br*  by  laser  photolysis, 

Br|4-A«»- Br»Br*,  f3) 

takes  place  Instantaneously  on  the  time  scale  of  interest 
In  this  study.  Subsequent  removal  of  Br*  then  proceeds 
by  way  of 

Br*  ♦ HCNfOOO)-  Br  ♦ HCNfall  stales)  fl) 

and 

Br*>Br,-Br  + Br,.  f4) 

Other  quenching  routes  fe.  g. , Br*  * Br)  are  discriminat- 
ed against  experimentally  in  order  to  simplify  analyses. 

For  small  [Br*],  the  removal  of  Br*  is  first  order, 
with  a decay  time  given  by 

7t,*-*:{HCNl»**lBr,l.  (5) 

Quenching  of  Br*  by  the  Ar  diluent  is  Insignificant  rela- 
tive to  the  above  process.^  Thus,  it  is  possible  to  d.'- 
termine  4,  and  by  varying  the  mole  fraction  of  the 
sample  as  described  previously  by  I^one  and  Wo- 
darezyk.'  Since  the  buildup  of  HCN  fOOl)  fluorescence 
occurs  with  r,,. , we  have  a convenient  means  of  mea- 
suring jb|  and  As  seen  in  Fig.  1,  the  quenching  of 
Br*  is  faster  than  the  subsequent  quenching  of  HCN(OOl). 
Deactivation  of  HCN(OOl)  can  occur  by  the  following 
processes : 

HCN(OOl)  ♦ HCN(OOO)  - HCN{mwO)  ♦ HCN(/>dO),  (6) 
HCNIOOI  )*Br,-HCN(«iM0)*Br„  (7) 

HCNIOOI)  ♦Ar-HCN(w«0)*Ar.  |8) 

Again,  we  have  purposefully  discriminated  against  pro- 
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FIG.  3.  Observed  rate  vs  mole  fraction.  In  (n),  me  r.icc  of 
quenching  of  HCN(OOl)  Is  given;  to  ()<),  the  rate  of  quenching 
of  Br*  Is  given.  The  straight  lines  are  obtained  liv  a ie.ist 
squares  fit  of  the  data. 
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FIG.  3.  Method  used  to  obtuln  r,,..  First,  the  decay  portion 
of  the  measured  fluorescence  Intensity,  /(/),  Is  plotted  In  or- 
der to  obtain  An  extrapolation  of  these  data  to  f > 0 allou's 

r^,*  to  be  computed  by  plotting  ItlSEU)  vs  I,  uhere  RISFU) 
-DECAY!/) -/(f). 


kinetics.  This  was  periodically  checked  by  changing 
the  intensity  of  the  beam  with  a lens  while  measuring 
the  decay  rates.  At  high  laser  intensities,  where  atom 
production  was  also  high,  it  was  possible  to  create  situ- 
ations where  the  presence  of  atoms  resulted  in  en- 
hanced  quenching  rates.  No  quantitative  information 
could  be  obtained  however,  and  this  regime  of  operation 
was  simply  avoided.  In  Fig.  2(a),  data  are  shown  for 
the  quenching  of  HCN(OOl).  These  data  were  obtained 
by  analyzing  the  fluorescence  decay  at  sufficiently  long 
times  to  minimize  effects  of  Br*  quenching.  In  Fig. 
2(b),  the  data  for  quenching  of  Br*  are  shown.  These 
data  are  obtained  as  follows.  First,  the  decay  rate  of 
HCN(OOl)  fluorescence  is  determined.  Next,  the  decay- 
ing HCN(OOl)  density  la  extrapolated  to  short  times. 

This  provides  the  base  line  for  a semilog  plot  of  the 
fluorescence  rise.  An  example  of  this  Is  shown  in 
Fig.  3. 

.Quenching  of  HCN(OOl)  by  Ar  Is  rather  inefficient, 
and  this  rate  is  determined  as  follows.  With  [Br|] 

+ [HCN]- const,  Ar  Is  added  to  the  gas  mix  and  the 
change  In  decay  rate  is  observed.  These  data  are 
shown  la  Fig.  4. 

A.  Absohiti  f- rate 

The  absolute  rate,  k^,  for  excitation  of  HCN(OOl)  by 
Br*  can  be  obtained  by  comparing  the  intensity  of 
HCN(OOl)  fluorescence  with  either  the  fluorescence 
from  Br*  or  some  molecular  species  whose  absolute 
C-  V rate  la  known. ' It  is  required  to  know  the  spon- 
taneous emission  lifetimes  of  the  various  emitting 
species.  The  spontaneous  emission  lifetime  of  HCN(001) 
computed  from  integrated  absorption  data  is  13.  S msec. 
Using  this  value  for  the  HCN(OOl)  spontaneous  emission 
lifetime  and  comparing  the  fluorescence  intensities  of 
HCN(OOl)  and  HCl(i'«  1),  which  has  a spontaneous  emis- 
sion lifetime  of  33  msec,'*  we  calculate  that  88‘1  of  the 
quenching  collisions  result  in  excitation  of  the  v,  mode 
of  HCN.  We  estimate  an  uncertainty  of  t lOc  based  on 
the  standard  deviation  from  six  sets  of  data.  In  these 

16 


intensity  measurements,  the  molecular  concentrations 
are  ke|)t  low  (0.1-0. 2 torr)  In  order  to  mlninil/.c  cor- 
rections due  to  self-absorption  of  the  spontaneous  emis- 
sion. At  the  same  time,  |Br||  is  also  kept  low  in  order 
to  minimize  the  corrections  due  to  quenching  of  Br*  by 
Brj.  Our  previous  work’  suggests  that  there  is  little 
or  no  direct  excitation  of  I'j  vibrations  by  (1).  Thus, 
we  conclude  that  quenching  of  Br*  by  HCN  results,  al- 
most exclusively,  in  the  production  of  (001)  rather  than 
a combination  state  such  as  (Oil). 

The  essential  results  of  the  rate  measurements  are 
summarized  in  Table  I.  The  quoted  uncertainties  are 
due  to  possible  systematic  as  well  as  random  errors. 

V.  DISCUSSION 

The  excitation  of  HCN(OOl)  by  energy  transfer  from 
Br*  is  an  example  of  a fast,  specific  £'-l'  rate  process. 
The  specificity  of  the  excitation  is  not  surprising  in 
light  of  the  similarities  between  HCN  and  the  hydrogen 
halides,  and  the  large  E-V  rate  coefficients  lor  the 
species  HF*,  HCl,'  and  HBr.‘  It  is  interesting,  how- 
ever, to  observe  the  £-V  process  in  polyatomics 
since  the  different  normal  modes  that  are  excited  can 
shed  light  on  the  intermolecular  forces  at  work  during 
the  £-  V process. 

The  transfer  of  excitation  from  Br*  to  HCN(OOl)  is 
374  cm*'  exothermic.  The  lowest  order  nonvanishing 
term  arising  from  the  long-range  multipolar  field  in- 
teraction Is  dipole  quadrupole,  and  it  is  difficult  to  rec- 
oncile the  large  measured  E-V  rate  coefficient  on  the 
basis  of  this  interaction.  Other  E-V  rate  coefficients 
from  Br*  to  small  molecules  are  often  of  comparable 
magnitude,  even  when  the  change  of  more  than  one  vi- 
brational quantum  is  Involved. This  also  argues 
against  the  multipolar  interaction  as  being  the  mecha- 
nism whereby  energy  is  exchanged  In  these  systems. 


FIG.  4.  t/uenohing  of  IICN(OOI)  by  .\r. 
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Table  t.  HcmU*  o(  rate  measurements. 
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gather  with  the  availability  of  channeU  such  as  (10),  are 
consistent  with  our  observations  of  a large  rate  coef- 
ficient (or  (6).  Ue -excitation  by  Brj  is  also  reasonably 
efficient.  Again,  there  are  numerous  near-resonant 
e.xit  channels  such  as 

HCN(001)-Bri(»  =0)-HCN(U0)-  Br,(i  « 1)*80  cm-'. 

(H) 

Oe-excitation  by  Ar  is  inefficient,  as  is  frequently  the 
case  for  the  de-excitation  of  molecular  vibrations  by 
rare  gases.  A complete  study  of  the  de-excitation  of 
the  different  vibrations  of  HCN  with  a number  of  col- 
lision partners  will  be  published  at  a bter  date. 
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If  energy  transfer  occurs  via  short-range  forces,  as  we 
are  inclined  to  believe,  then  kinematics  will  play  a 
large  role  in  the  excitation  of  the  specific  vibrational 
modes.  Because  of  the  specificity  of  energy  transfer, 
the  existence  of  a long-lived  Intermediate  complex, 
(BrHCN)*,  is  unlikely.  Obviously,  further  experimen- 
tal work,  such  as  the  temperature  dependence  of  the 
rate  coefficients,  will  be  valuable  in  determining  energy 
transfer  mechanism(s). 

The  de-excitation  of  the  HCNfOOl)  state  by  HCN,  as 
given  by  (8),  is  efficient.  We  have  not  identified  specif- 
ic product  channels  for  the  deactivation  process,  and 
there  are  many  potentUlly  efficient  inter-  and  intramo- 
lecular channels  such  as 

HCN{001)*HCN(000)-HCN(100)aHCN(010)*500  cm-'  . 

(10) 

The  general  willingness  of  the  hydrogen  halides  to  give 
up  their  vibrational  quanta  in  collisional  processes,  to- 
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Electronic  to  vibrational  energy  transfer  from  Br(4^Pv2)  to 
CO2,  COS,  and 

A.  Hariri  and  C.  Wittig 
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la  iha  paper,  wc  repoct  a iiudy  of  the  qucnchmi  of  by  CO,.  COS,  and  CS,.  Laser  photolysis 

of  gaa  aaaiples  conuiaiai  Be,  sad  ittc  aMteculai  specica  of  intaicst  produces  and  the  subsequent 

queachnig  of  this  ipacka  retuhq  in  vibrational  caciutioa  of  the  molecule  of  interest.  By  monitofing  the 
time  resolved  ir  lluorcsccnce  fnik  Bt<4>,„)  and  the  (001)  suta  of  CO,.  COS.  and  CS„  we  are  able  to 
measure  the  quenching  rate  ooefflcieats  for  these  species  as  well  as  rate  coefRcicnts  (or  a number  of 
y-y,T.M  procesacs.  By  coming  the  intensities  of  the  Bt{4’P„0  and  (001)  state  nuoresccnces,  we 
measure  directly  the  rate  coeflicients  for  electronic  to  vibrational  (£— • y)  energy  transfer  into  the  product 
states  that  contain  at  least  one  quantum  of  v,  vibration. 


I.  INTRODUCTION 

The  quenching  of  electronically  excited  halogen  atoms 
in  the  spin-orbit  state  *Pi/t  by  collisions  with  molecular 
species  has  been  studied  experimentally  (or  several 
decades. ' In  spite  of  the  wealth  of  knowledge  accumu- 
lated in  early  studies  concerning  the  quenching  pro- 
cesses, little  attention  was  paid  to  product  channels  and 
it  was  not  until  1970  that  Donovan  el  nl.*  made  the  first 
direct  observation  of  electronic  to  vibrational  (£-  V) 
energy  transfer  in  these  systems.  In  1973,  Leone  and 
Wodarezyk’  made  the  first  direct  measurement  of  the 
efficiency  of  £-  V transfer,  and  found  that  Br  atoms  in 
the  state,  hereafter  referred  to  as  Br*.  produced 

vibrational  excitation  (r«  1)  in  HCl  and  HBr  on  9S';o  and 
of  the  quenching  collisions,  respectively.  Further 
direct  studies  ol  E—  V transfer  from  Br*  have  shown 
that  when  a molecule  is  an  efficient  quencher  of  Br*, 
the  main  quenching  ' el  is  likely  to  be  E—V  trans- 
fer.*'* In  addition,  .n  only  one  or  two  vibrational 
quanta  are  involved,  the  process  can  be  highly  mode 
specific  as  in  the  cases**’ 

Br**CO,(000)-Br +00,(101) -30  cm*'.  (1) 

Br*  ♦ HCN(000i  - Br  ♦ HCN(OOl)  ♦ 374  cm*',  (2) 

Br*  + H,O(C00)-Br + H,O(100  and/or  001),  (3) 

where  the  energy  of  Br*  (36B5  cm*')  is  near  resonant 
with  the  vibrational  product  channels  of  Eqs.  (l)-(3). 
Because  of  the  selectivity  of  Eqs.  (l)-(3),  these  pro- 
cesses have  been  the  bases  (or  the  selective  pumping  of 
molecular  lasers  based  on  £-  V transer.  *■*'*  These 
molecular  lasers  oscillate  on  transitions  that  reflect  the 
specificity  of  the  energy  transfer  and  thus  have  given 
rise  to  a number  of  new  IB  laser  transitions  in  the  re- 
gion 3.85-17  Mm.***'*  Energy  transfer  studies  concern- 
ing I*  have  shown  that  E—V  transfer  Is  an  Important 
process  in  the  quenching  of  this  species,  and  one 
might  reasonably  expect  that  the  quenching  of  Cl*  and 
F*  would  also  favor  resonant  E-  V channels. 


ferred  from  the  *P,/,  state  to  molecular  vibrations  are 
not,  at  this  time,  well  understood.  It  has  been  suggested 
that  a careful  look  at  the  different  vehicles  of  energy 
transfer  (multipolar  forces,  '*  nonadiabatic  transitions,  '* 
etc.)  may  be  required  in  order  to  adequately  account  for 
all  of  the  available  data.  “ In  view  of  the  uncertainty  in 
the  mechanisms  for  the  coUisonal  deactivation  of  Br*  by 
small  molecules,  we  have  measured  the  rates  of  quench- 
ing and  E—V  transfer  from  Br*  to  the  isoelectronic  spe- 
cies CO,,  COS,  and  CS,.  Our  results  show  that  CO,  is 
an  order  of  magnitude  more  efficient  than  COS  or  CS, 
in  quenching  Br*.  In  addition,  the  fraction  of  energy 
transferred  from  Br*  to  available  i',  e.xcitation  is  larger 
for  the  case  of  CO,  than  COS  or  CS,.  These  data  indicate 
the  importance  of  energy  resonance  as  well  as  the  num- 
ber of  quanta  c.xchanged  in  the  energy  exchange  process. 

II.  EXPERIMENTAL 

The  experimental  arrangement  is  shown  schematically 
in  Fig.  1.  Br*  is  produced  on  a time  scale  which  is 
short  compared  to  that  of  the  subsequent  kinetic  pro- 
cesses by  the  photolysis  of  Br,  with  the  output  from  a 
Qashlamp  pumped  dye  laser 

Br, +Ai'-Br  + Br*.  (4) 

Both  coa.xial  (Candela  or  Phase-R,  20-150  mJ,  ~0.  5 
ps  FWHM)  and  linear  (ChromatLx  CMX-4,  2-8  mJ, 
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The  precise  mechanisms  whereby  energy  Is  trans- 
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FlC.  1.  Schematic  drawing  of  experimental  arrangement.  Cl 
and  C2  are  sample  cells,  FI  and  F2  are  interference  filters 
and  or  gas  cells,  .41  and  .42  are  amplifiers  matched  to  the  de- 
tectors f^l  ami  IK.  ns  splits  off  a few  percert  01  the  laser 
beam  and  sends  it  to  PD,  a photodiode  useu  to  trigger  the  re- 
cording electronics. 
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FIG.  2.  Typical  signal  averaged  nuoreacence  traces,  (a) 
shows  the  decay  of  Dr*  when  3. 12  torr  of  pure  Br;  is  photolyzed. 
The  laser  energy  is  20  mJ,  and  128  shots  are  averaged.  The 
finite  rise  time  Is  due  to  the  system  response  time  of  2 ps. 

(b)  shows  the  rise  of  CO;(OOl)  when  a sample  containing  0. 16 
torr  CO;  and  0. 10  torr  Br;  Is  photolyzed.  The  laser  energy  is 
S mJ,  and  64  shots  are  averaged.  The  decay  of  COjlOOl)  is 
not  dlsccrnable  on  the  time  scale  shown,  (c)  shows  the  fluo- 
rescence from  COSlOOl)  when  a sample  containing  0.  95  torr 
COS  and  2. 33  torr  Br;  is  photolyzed.  The  laser  energy  la 
3 mJ,  and  64  shots  are  averaged.  This  is  an  excellent  ex- 
ample ai  the  situation  where  a r,m. 


~1.0  tis  FWHM)  flashlamp  arrangements  were  used 
in  the  present  study.  Dye  laser  wayelengths  of  480-500 
nm  were  obtained  with  a variety  of  dyes  supplied  by  Ex- 
citon  (coumarin  400F.  eoumarin  480,  LD490,  LD473) 
dissolved  in  methanol/HtO  or  ethanol/HtO  solutions.  In 
the  region  480—500  nm,  Br;  absorbs  continuously  and 
Eg.  (4)  is  believed  to  produce  approximately  equal 
amounts  of  Br  and  Br*.  ^ The  output  from  the  dye  laser 
is  directed  into  a screen  room,  which  protects  the  de- 
tection and  signal  processing  equipment  from  electrical 
transients.  Spontaneous  emission  Is  viewed  at  right 
angles  to  the  laser  beam  with  large  area  detectors  (pho- 
tovoltaic InSb;  photoconductive  Ce ; Au).  Atomic  and 
molecular  fluorescence  frequencies  are  isolated  with  in- 
terference filters  and  gas  cells.  When  detecting  fluores- 
cence from  Br*,  it  is  necessary  to  use  a narrow  band- 
pass filler  (FWHM  »0,12  pm  at  2.7  pm  and  77  '^K)  as  well 
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as  a wide  bandpass  filter  (FWHM=  l.O  pm  at  3.0  pm)  in 
order  to  completely  block  molecular  fluorescence  and 
scattered  laser  light.  For  a particular  gas  sample,  we 
find  it  convenient  in  many  experiments  to  use  separate 
detectors  in  order  to  observe  the  Br*  and  molecular 
fluorescences  simultaneously.  Sample  cells  are  con- 
structed of  pyrex,  with  salt  or  sapphire  observation 
windows  held  in  place  with  black  wax  (Apiezon  W).  '* 

Fluorescence  signals  are  digitized  (Nicolet  1090AR 
digital  oscilloscope,  100  ns  minimum  gate  width),  aver- 
aged (Nicolet  1072  signal  averager),  and  recorded  with 
an  XY  plotter.  Several  typical  data  are  shown  in  Fig.  2. 
Data  reduction  is  accomplished  using  a variety  of  com- 
puter programs  and  the  usual  scientific  fitting  proce- 
dures. Data  reduction  is  straightforward  e.xcept  for  the 
case  of  a fluorescence  signal  with  comparable  rise  and 
fall  times.  This  is  discussed  below. 

Samples  are  prepared  in  a pyrex  vacuum  system  ca- 
pable of  10"*  mm  Hg.  Stopcocks  are  constructed  of  pyrex, 
with  Viton  O rings  which  are  sparingly  lubricated  with 
Krytox,  a fluorinated  vacuum  grease.  Pressures  are 
measured  with  corrosion-resistant  capacitance  manom- 
eters (MKS). 

In  obtaining  Br*  signals,  we  should  like  to  emphasize 
that  particular  care  must  be  taken  in  order  to  avoid  in- 
terference from  molecular  fluorescence.  Because  of  the 
1. 1 s spontaneous  emission  lifetime  of  Br*,  even  the 
smallest  amount  of  molecular  fluorescence  can  interfere 
with  the  Br*  signal.  When  using  only  a broadband  inter- 
ference filter  (FWHM=  1.0  pm,  centered  at  3.0  pm),  we 
can  easily  observe  molecular  fluorescence  from  Brj/CO; 
mixtures  in  which  only  a trace  of  CO;  is  present.  This 
molecular  fluorescence  is  characterized  by  a rise  time 
(as  imposed  to  the  instantaneous  production  of  Br*)  and 
a very  rapid  decay.  The  rapid  rise  and  fall  of  the  ra- 
diating state  is  consistent  with  previous  reports  of  the 
rapid  collisional  deactivation  of  the  CO;  states  in  the 
vicinity  of  3700  cm"'. 

In  the  present  study,  we  have  monitored  only  the  j/, 
vibrational  modes,  since  our  present  detection  system 
does  not  permit  the  observation  of  either  i/,  or  forCOj, 
COS,  or  CSj.  Detection  of  v,  (which  is  only  IR  active  in 
t)te  case  of  COS)  and  the  low  frequency  bending  modes 
will  be  the  subject  of  future  experiments. 

Chemicals  were  purified  in  the  following  manner.  CO; 
(Matheson,  90.995%  min)  was  subjected  to  repeated 
freeze -pump-thaw  cycles  at  77  “K.  CS;  (Baker  Analyzed 
Reagent  grade,  99.9%  min)  was  pumped  on  several  times 
at  room  temperature  and  at  223  *K.  Following  this,  the 
CS;  was  distilled  several  times  from  253  to  77  °K.  . 

Finally,  the  sample  was  degassed  extensively  at  163  *K 
to  remove  traces  of  OCS.  Following  purification,  in- 
frared analysis  showed  no  sign  of  any  impurities  in 
either  CO;  or  CS,  samples.  OCS  (Matheson,  97. 5%  min) 
disproportionates  to  form  small  amounts  of  CO,  and  CS, 
and  must  be  purified  carefully  before  use.  Infrared 
analysis  of  unpurifled  OCS  samples  showed  1.3%  CO,. 
OCS  was  first  subjected  to  repeated  freeze-pump-thaw 
cycles  at  77 ’K.  Following  this,  the  sample  was 
distilled  from  163  to  77  ‘K  eight  times,  infrared 
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aialyaia  ol  the  purified  OCS  aamploa  allowed  0.  S'l-0. 6T 
CO|  and  no  other  tmpurUtca.  Theae  aamplcs  were  al* 
waya  uaed  within  24  h of  purification,  and  we  otwerved 
no  disproportionation  of  the  sample  over  this  amount  of 
time.  Ar  (Alrco.  9g.ggA<l  min)  was  passed  through  a 
trap  at  77  *K  and  was  always  withdrawn  from  samples 
maintained  at  77  *K.  Brt  (Aristar  grade  from  British 
Drug  House,  99. B r min.)  was  subjected  to  repealed  dis- 
tillation from  2S3  to  77  *K  and  alow  passage  over  P|0]. 

In  addition,  the  apparatus  in  which  the  Br|  was  to  be  used 
was  seasoHfit  by  exposure  to  Br,.  and  heated  under  vacu- 
um as  much  as  possible  in  order  to  minimize  the  amount 
of  H,0  on  the  surfaces.  Having  Ifaken  these  precautions, 
there  was  no  detectable  molecular  Quorescence  when 
20  torr  of  Br,  was  phololyzed  Ai  the  sample  cell.  When 
20  torr  of  poorly  purified  Br^  was  photolyzed.  molecular 
fluorescence  was  readily  detected. 

III.  RATE  PROCESSES 

The  production  of  Br*  by  laser  photolysis, 

Bri**!'- Br  ♦Br*,  (4) 

occurs  during  the  laser  pulse,  which  is  jil  ps  FWHM 
in  our  present  experimental  arrangement.  Thus,  Br* 
is  produced  instantaneously  on  the  time  scale  of  interest. 
In  the  experiments  reported  here,  photolysis  was  car- 
ried out  at  or  near  490  nm.  This  wavelength  is  close 
to  optimum  for  Br*  production  and  leaves  each  photoly- 
sis fragment  with  264  cm*'  of  recoil  energy  which  must 
be  removed  by  momentum  transfer  collisions  prior  to 
energy  transfer  if  we  are  to  obtain  room  temperature 
rate  coefficients. 

Following  photolysis.  Br*  can  be  quenched  by  the  fol- 
lowing processes 


Br*  + Br,  - Dr  ♦ Br„ 

(5) 

Br*  + Ar  -Br  + Ar, 

(6) 

Br*  ♦ mol  — Dr  ♦ mol*. 

(7) 

- Br  + mol  (I'j), 

(8) 

— Br  ♦ mol  (all  states). 

(9) 

where  mol  is  either  CO|.  COS,  or  CS,,  t denotes  any 
vibrational  excitation,  and  molfp,)  represents  a mole- 
cule with  at  least  one  quantum  of  p,  excitation.  The  to- 
ts.1  quenching  of  Br*  by  mol,  including  all  product  vibra- 
tional states  as  well  as  the  ground  state  of  mol,  is  given 
by  Eq.  (9).  In  Eq.  (5),  we  have  paid  no  particular  at- 
tention to  the  possibility  of  E—  F transfer  from  Br*  to 
Br,. 

The  quenching  of  Br*  by  CO,,  COS,  and  CS,  proceeds 
via  Eqs.  (7)-(9).  In  the  present  study,  we  have  moni- 
tored the  v,  fluorescence  from  these  molecules,  in  ad- 
dllion  to  Br*  emission,  thereby  obtaining  quantitative 
information  concerning  Eq.  (8)  in  addition  to  the  quench- 
ing rate  coefficients  for  Eq.  (9).  Because  the  Br*  ener- 
gy Is  3685  cm*',  it  is  possible  to  excite  several  vibra- 
tional quanta  simultaneously.  For  e.xample,  in  separate 
experiments*  we  have  shown  that  the  following  process 
is  a major  quenching  channel  in  the  quenching  of  Dr*  bv 
CO, 


Ur*  ♦C0,(000)-Or  + C0i(101)-30  cm*'.  (2) 

Since  the  energy  transfer  processes  of  species  contain- 
ing two  or  more  quanta  of  excitation  proceed  very  rapid- 
ly, it  is  not  possible  to  investigate  the  primitive  distri- 
bution of  product  sjiecies  using  our  present  experimental 
arrangement.  Finzl  and  Moore have  shown  that 

C0,(10iuc0,(000)-C0;(001)  + C0!,  (10) 

as  well  as  similar  processes,  proceed  at  rales  that  are 
near  gas  kinetic.  Since  the  i',  qui.nta  are  preserved  in 
such  processes,  it  is  possible  to  measure  the  production 
of  sjjocies  containing  v,  excitation  without  identifying  the 
primitive  distribution  from  Eq.  (8)  precisely. 

The  production  of  vibrationally  excited  species  in  the 
(001)  slate  is  accompanied  by  the  V-V,  T,  R processes 
which  remove  energy  from  the  species  under  considera- 
tion 

niol(OOl) +.1/-  mol(ii/n0)  ♦ .if,  (11) 

where  .1/  can  be  any  collision  partner.  Thus,  it  is  pos- 
sible to  measure  rate  coefficients  for  Eq.  (11),  using 
£—  V transfer  as  a means  of  preparing  molecules  in  the 
(001)  state. 

The  concentration  of  a particular  molecular  species 
in  the  (001)  slate  following  production  of  (Dr*)^  at  t*0, 
is  given  by 

(niol(001)](/)*^fi^^i2!^l^5£Js  (exp(-f 

^•r*  • ^wKOOl) 

-e.xp(-f  >„.)],  (12) 

where  r,,.  and  r^,,ooii  are  the  collisinnal  lifetimes  of 
Br*  and  mol(OOl).  respectively,  for  a jxirticular  ex- 
jierimental  condition.  Here,  it  is  assumed  that  the  rise 
and  fall  of  the  molecular  fluorescence  can  be  described 
by  simple  exponentials,  which  will  be  the  case  (or  sen- 
sibly first  order  e.xcitation  and  deexcitation  processes. 
For  Tg,.  the  rise  of  the  molecular  fluores- 

cence reflects  the  quenching  of  Br*  and  the  decay  of  the 
molecular  fluorescence  reflects  the  V-V,  T,  R pro- 
cess that  act  to  remove  the  v,  excitation.  For  t,,. 

> fMiiMi)'  ibe  converse  is  true.  Thus,  it  is  important 
to  determine  separately  which  processes  are  res|K>nsible 
for  the  observed  rise  and  fall  of  the  molecular  fluores- 
cence in  a particular  experiment.  In  the  experiments 
reported  here,  we  have  monitored  the  decay  of  Br* 
separately,  in  order  to  avoid  any  ambiguity  in  this  re- 
gard. 

The  Br*  and  mol(OOl)  decay  limes  are  given  by 

T,*'—  Jt.irnol)  ♦ *,(Br,)  + t,(Ar).  (13) 

’■iiiooi)  - 't'(niol)  + <r''(Brs)  + k'”(Ar),  (141 

where  !•’,  k”,  and  k'”  are  the  rate  coefficients  for 
quenching  of  mol(OOl)  by  mol,  Br,,  and  Ar,  respectively. 
Deactivation  by  potentially  efficient  quenchers  (Br,  Dr*) 
is  discrimliutcd  against  c.xpcrimenially  be  miiumizing 
the  laser  energy  density.  Deactivation  of  Br*  by  .\r  has 
been  shown  to  be  very  inefficient,  and  thus  may  be  elim- 
imiied  from  Eq.  (13). 

Rale  coefficients  are  obtained  from  Eqs.  (13)  and  .14) 
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cos  or  CSj  PRESSURE  (totf) 

FIG.  3.  Quanchlfif  of  Br*  by  CO|,  COS,  and  CSj,  measured  by  monitoring  Br*  fluorescence  decay.  In  the  cases  at  CO>  and  CS,. 
the  quenchiac  rate  coefficients  are  the  same  as  Che  slope  of  (T|,«)*'  vs  concentration.  In  the  case  of  COS,  the  quenching  rate  coef- 
ficient is  S%  smaller  Chan  the  slope  due  to  the  presence  of  0.  S%  CO|  in  COS  samples.  Standard  deviations  are  not  given  since 
other  sources  of  uncertainty  are  expected  to  dominate.  Each  point  represents  an  average  of  1024  individual  fluorescence  signals 
at  a laser  energy  of  S mj. 


by  varying  the  concentrations  in  a well-defined  manner. 
IV.  RESULTS 

Rate  coefficients  for  the  following  processes: 


Br*  + Br,-  Br'f  Br,, 

(5) 

Br*4C0,-Br-*'C0i  (all  states). 

(15) 

Br*4C06-Br4C06  (aU  states). 

(16) 

Br*'fCS,-  Br-t-CS,  (all  states). 

(17) 

were  measured  directly  by  monitoring  Br*  fluorescence 
while  adding  the  appropriate  molecular  vapor  dilute  in 
At.  The  results  of  these  measurements  are  shown  in 
Fig.  3,  and  the  rate  coefficients  are  listed  in  Table  1. 
Typically,  1024  fluorescence  signals  are  averaged  to 
obtain  single  curves  such  as  the  ones  shown  in  Fig.  2(a). 
Each  curve  is  then  fit  to  an  exponential  decay  using  a 
least  squares  routine  to  obtain  each  of  the  data  points 
shown  in  Fig.  3.  The  data  shown  in  Fig.  3 were  quite 
repeatable,  and  could  be  reproduced  at  will. 

In  obtaining  rates  for  the  Br*/COS  system,  we  used 
COS  samples  which  had  been  distilled  less  than  24  h 
prior  to  use.  These  samples  contained  0. 5%  COi  stnd  no 
CSf.  Because  COi  is  ten  times  more  efficient  than  COS 
at  quenching  Br*,  it  was  necessary  to  Include  the  effect 
of  the  CO^  impurity  in  the  Cra  data  reduction. 
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Fluorescence  signals  from  CO(  and  COS  were  obtained 
using  an  InSb  detector  and  the  appropriate  interference 
filters.  These  signals  were  very  large,  and  it  was  not 
necessary  to  average  more  than  a couple  of  traces  in 
order  to  obtain  S/S  > 20.  The  CS|(001)  state  emits  at 
1523  cm*‘  and  is  not  accessible  to  the  InSb  detector. 
CSt(OOl)  fluorescence  was  detected  with  a Ge  :Au  photo* 
conductor  which,  although  much  less  sensitive  than  InSb, 
was  adequate  lor  detecting  molecular  fluorescence.  In 
all  cases,  spontaneous  emission  from  a particular  spe- 
cies was  almost  completely  blocked  when  a 2 cm  cell 
containing  this  species  was  placed  between  the  detector 
and  the  laser  beam,  indicating  that  the  emitting  transi- 
tion is  (OOl)-(OOO). 

Fluorescence  curves  were  fit  to  the  double  exponential 
portion  of  Eq.  (12)  with  a computer  curve  fitting  routine 
in  order  to  obtain  ra,«  and  t^kcod*  By  plotting  (pr,,*)'' 
[/’■'■■•Koonl**  vs  mole  fraction,  where 
it  is  possible  to  obtain  the  quenching  rate  coefficients 
for  Br*  and  mol(OOl)  by  Br|  and  mol(OOO).  Several  rep- 
resentative data  are  shown  in  Fig.  4 and  the  correspond- 
ing rate  coefficients  are  listed  in  Table  I.  In  all  of  these 
experiments,  [Ar|  was  sufficiently  low  that  it  did  not 
contribute  to  the  quenching  of  either  Br*  or  mol(OOl). 

In  many  cases,  such  as  COS,  it  was  not  necessary  to 
use  Ar  at  all  since  the  Br^/COS  mix  constitutes  a suf- 
ficient heat  bath  by  itself,  and  the  rapid  coUisional  re- 
moval of  COS(OOl)  is  not  affected  by  diffusion.  From 
the  Br*  quenching  data,  it  was  possible  to  unambiguously 
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TABLE  I.  Wuaochlng  rata  coaffleianta  (or  Hr*  and  mol  (OOU  otiUinad  by  nioniloriii(  Hr*  and.  or  mol  (0011 
apooantaoua  amiaaton. 


Rata  coetficient  U93*K) 

Thia  work* 

From  Br* 

From  molacular 

Previous  work* 

Procesa 

(laoraaeanca 

(luoraacence 

Average 

Kef. 

•ts 

(4.  6 a 0. 3)  a 10‘ 

(S.2a0.  3|a  10^ 

(4.  9*0.  3)*  10* 

(4.  9 *0.3)  a 10* 

8 

Br  * CO,  (all  suiaa) 

ll.4»0.  UalOr" 

il.StO.  llalO'" 

(1.5*0.  1)  a 10*" 

•i* 

Br**COS- 

(4.  7 a 0.  3)  1 10* 

(4.  5 *0.41  a to* 

(4.  6 *0.4)  a 10* 

(3.9*1. 1)  a 10* 

18 

Br  * COS  tall  atataal 

ll.4»0.y»10*'’ 

(1.4t0.  I)al0''* 

(1.4*0. 1)  a 10-'* 

•it 

Br« 

(3.4  *0.3)  a 10* 

4a  to*' 

(3.  4 *0.3) a to** 

Br  * CS,  (all  atataa) 

il.laO.llxlir'' 

11.1*0.  l)alo-'* 

Br**Br,- 

(2.  4i|)  a 10* 

(2.  7 t0.3>a  10* 

(2.6  *0.  3)  a to*  ^ 

5.2  a 10* 

1(2.  6 *0,3)  a 10* 
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3 

Br*  Br,  (all  atalaai 

<7.  * 10-" 

iS.2»0.  9»al0'” 

(7.  8*0.  9)  a 10'"  1 

(3.  3 *0,6)  a 10* 
(2.6  *0.6)  a 10* 

4 

18 

i 

14.  7*0.  6)  a 10* 

20 

COSiOOt)  ♦ COSiOOO)  - 

15.9*0.4)  a 10* 

|(5.60*0.  9)  a 10* 

21 

COSimaO)  * cosine  0) 

ll.SiO.  DatO-” 

i 

(5.  5 *0.5)  a 10* 
|(5.2*l.2)al0* 

22 

18 

COStOOU  • Br,  - 

(2.0*0.  5)  a to* 

( 

(5.4  * 1.  0)a  10* 

23 

COSimaO)  * Br, 

16,  t * 1.  5)  a to*" 

1 

(l.4*0.1)*10’ 

\ 71,5 

20 

21 

COSiOOl)  ♦Ar  — 

it.  0.0.  3)  a to’ 

i 

U.  5*0.  5)  a 10* 
|(5.2*0.9)  a to’ 

22 

13 

CUSimaOl  * Ar 

|3.  2*1.0)  a 10-'* 

1 

(4.3*0.  91  a 10* 

23 

COjiOOU*  Br.— 

(2.  6 »0.  2)a  to* 

(2.46  0.2)al0-’ 

24 

COv(wiiO)  * BTi 

(7.9*0.  6i  a 10-'* 

CS,(00U*Br,  - 

(4.  1 .0.4)  a lo’ 

CbjimaO)  * Ur, 

11.2  »0.  1)*10*'’ 

The  upper  entry  la  In  unite  at  a*'torr'';  the  lower  entry  la  In  units  ol  cm^mol''  s*'. 

*For  eompartaon  purpoaea,  ratea  of  previous  workers  are  given  in  units  o(  s*'  torr"  only. 

‘Since  CSjlOOll  fluorescence  was  only  detected  with  Ue  : Au,  the  S .V  was  not  high  and  the  more  reliable  quenching 
data  are  those  measured  directly  by  monitoring  Br*  fluorescence. 


assign  t,,.  and  T^nooii  to  either  the  rising  or  falling 
portions  of  the  fluorescence  curves.  In  the  cases  of  COj 
and  CSt,  the  quenching  of  Br*  Is  much  more  rapid  than 
the  accompanying  vibrational  energy  transfer  processes 
and  data  reduction  was  quite  straightforward.  For  the 
case  of  COS,  fav-  * ^mhmd  it  was  necessary  to 
use  the  quenching  data  carefully  In  assigning  ’'ar*  snd 
’'■•a  OSD  to  their  respective  portions  of  the  fluroescence 
curves.  In  Fig.  4 we  see  the  difficulty  of  correctly 
ascribing  the  rise  and  tall  portions  of  Eq.  (12)  to  the 
proper  rate  process.  By  comparing  the  Intercepts  at 
^cs  ■ 1 in  Fig.  4 to  the  quenching  rate  coefficients  taken 
from  Br*  fluorescence  measurements,  we  see  that  the 
smaller  rate  coefficient  is  thr  one  due  to  the  quenching 
of  Br*  by  OCS.  Without  the  quenching  data  from  the  Br* 
fluorescence  e.vperlments.  this  assignment  would  not 
have  been  as  straightforward.  Considerable  care  must 
be  exercised  In  using  computer  programs  to  extract  r's 


from  curves  such  .is  the  one  shown  in  Fig.  2(c).  We 
found  standard  fitting  routines  inadequate  for  cases  such 
as  this,  and  we  had  to  write  our  own  computer  programs 
for  the  case  of  T(^i.  Although  computer  generated 

curves  match  the  e.xperimental  data  very-  well,  we  find 
that  when  r,,„9i  a particular  pair  of  r’s  can  oe 
changed  by  a KFji  while  still  achieving  a reasonable  fit 
to  the  data. 

In  addition  to  the  information  contained  in  plots  such 
as  those  shown  in  Fig.  4,  it  was  also  straightforward 
to  obtain  quenching  rate  coefficients  for  the  deactivation 
of  the  (001)  states  by  various  collision  partners.  E.xam- 
ples  of  data  such  as  these  are  shown  in  Figs.  5 and  6. 

It  was  not  the  main  point  of  the  present  study  to  measure 
vibratioiul  energy  tran.sfer  rates,  and  therefore  only  those 
(001)  quenching  data  that  are  of  interest  to  the  present  study 
are  presented  here.  Other  data  of  this  tuitu  re  will  be  pub- 
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FIG.  4.  Typical  data  for  the  quenching  ol  Dr*  and  mol  (001)  obtained  by  monitoring  i-,  (luorescence.  (a)  and  lb)  show  the  rate 
of  rlae  and  (all  rctpectlvcly  (or  the  ease  ol  COS.  .Note  that  the  ratea  ot  rise  and  fall  are  very  close  here,  as  opposed  to  the  cases 
ot  COj  and  CSj.  For  brevity,  only  data  (or  COS  are  shown  here.  Data  (or  CO.  and  CSj  are  qxixlitatively  similar  tothe  uata  for  COS. 


lished  separately,  U at  all.  The  data  shown  in  Fig.  Swere 
taken  tinder  conditions  where  the  risetime  is  due  mainly  to 
the  quenching  o(  COSfOOl ) by  COS(OOO).  Unde  r these  condi  - 
tions,  theadditionofAr  shortens  the  rise  time,  since  the 
quenching  ot  CO6(001)  by  Ar  is  much  more  efficient  than 
the  quenching  of  Br*  by  Ar.  This  is  a further  confirma- 
tion of  the  assignment  of  the  rate  ol  rise  to  the  rate  of 
COSfOOl)  quenching.  Figure  6 shows  the  deactivation  of 
COi(OOl)  by  Br,.  This  process  is  important  to  the  oper- 
ation ol  the  Br*-CO,  transfer  laser.* 


FIG.  5.  The  quenching  o(  COS  by  Ar.  By  monitoring  the  ef- 
fect o(  Ar  on  the  rise  and  (all  portions  of  (he  fluorescence,  it 
IS  teen  that  Ar  changes  the  rise  of  the  COS  1001)  fluorescence 
signal,  and  therefore,  the  rise  of  signal  is  due  to  quenching  of 
COSlOOl)  by  COSiOOO).  The  quenching  of  Br*  by  Ar  is  quite  in- 
efficient and  the  fall  of  COS(OOl)  fluorescence  is  unaffected  by 
Ar  addition. 


V.  ABSOLUTE  E-V/  RATE  COEFFICIENT  FOR 
EXCITATION  OF  Vj  QUANTA 

Determining  the  fraction  of  the  quenching  collisions 
that  result  in  e.xcitation  of  a particular  molecular  vibra- 
tion is,  although  straightforward  in  principle,  a difficult 
experimental  task.  Briefly,  a comparison  must  be  made 
between  the  particular  molecular  fluorescence (s)  of  in- 
terest, and  a fluorescing  species  whose  relative  density 
is  known  (e.g.,  Br*  itself,  or  a molecule  whose  abso- 


a.oj- 


C Jo  20  30  ^ 50  60' 

3r;,  PRESSURE  (•;:-) 

FIG.  li.  Till*  quenching  of  UO-iCOl)  by  br  . 
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TABLK  II.  Tho  •fdolency  ol  produclnK  i/]  excitation  In  the 
quenchtna  ol  Br*  by  CO;,  COS,  and  CS,. 


Species 

lute  coefficient 
for  quenching 

Br*  (295 'K.  •'‘torr’') 

/'(moHi-,))  ‘fraction  of 
Br*-mol  quenching  colli- 
•lona  roaulting  In  excitation 
of  one  V]  quantum  per 
molecule 

CO, 

4.9*  10* 

0.4 

COS 

4.6*10* 

0.2 

CS, 

3.4*10* 

-0.4 

T 


lute  £ - y rate  coefficient  has  already  been  established, 
such  as  HCl).  Details  of  the  method  employed  here  are 
described  in  the  appendix.  A summary  ol  our  results 
for  COt,  COS,  and  CS]  is  given  in  Table  U.  These  data 
were  obtained  as  follows:  Fluorescence  signals  from 
COt(OOl)  and  COS(001)  were  each  compared  to  fluores- 
cence signals  from  HClfp*  1)  and  Br*,  as  well  as  to 
each  other.  All  of  these  experiments  were  done  using  a 
single  InSb  detector,  and  normalizing  all  data  to  the 
laser  energy.  Molecular  concentrations  were  tnaintalned 
s60  pmHg,  and  the  distance  from  the  laser  beam  to  the 
observation  window  was  maintained  ^ 1 cm  in  order  to 
minimize  effects  due  to  resonance  absorption  in  the  sam- 
ple cell.  Concentrations  of  the  molecular  species  and 
Br,  were  varied  widely  and  a multitude  of  data  were  col- 
lected and  analyzed.  All  of  the  data  agreed  to  within 
i 10%,  well  within  the  uncertainty  of  1 20%  which  includes 
possible  systematic  errors.  Since  CSjfOOl)  fluoresces 
at  1523  cm’‘,  the  Ce  ;Au  detector  was  used  for  compari- 
son purposes  here.  This  detector  is  not  sufficiently 
sensitive  to  detect  Br*  emission,  so  comparison  was 
made  between  CS,(001),  COt(OOl),  and  COS(OOl)  fluo- 
rescence. Again,  there  was  agreement,  within  s lO^ig, 
between  the  different  comparisons. 

An  absolute  lower  limit  of  F(COt(i/]))  >0. 15  for  the 
case  of  CO|  was  established  in  a separate  experiment. 

In  this  experiment,  COj  laser  emission  was  obtained  on 
the  (QOl)-(lOO)  band  by  optically  pumping  a mixture  ol 
Br,  and  CO,  contained  in  a 10. 6^m  laser  resonator.*’ 

The  source  used  to  optically  pump  the  gas  mixture  was 
a dye  laser  operating  at  <»4&S  nm.  The  Intensity  of  the 
dye  laser  was  kept  low  enough  so  that  [Br, | was  not  af- 
fected by  the  laser  pulse,  and  the  amount  of  Dr,  dis- 
sociation could  be  calculated  from  the  well  known  absorp- 
tion coefficient  of  Br,.  Under  these  conditions,  we  ob- 
served that 

no.  10.6  pm  laser  photons  emitted  ^ ^ 
no.  485  nm  photons  absorbed 

Using  a branching  ratio  of  1 : 1 for  tho  Dr* : Or  produc- 
tion at  485  nm,  this  result  establishes  a definite  lower 
limit  of  0. 15  for  /■(CO,(i'j))  tor  the  case  of  CO,. 

Typical  statistical  uncertainties  from  repealed  mea- 
surements were  nominally  lO'o.  Because  of  the  nature 
of  the  data  reduction,  as  described  in  the  Appendi.x.  we 
feel  that  systematic,  rather  than  random  errors,  are 
the  main  source  of  uncertainty-  in  our  measurements. 
Whereas  relative  /tnioUi  j'I  for  CO^.  COS.  .ind  C.S;  .ire 
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probably  within  ±20*?),  and  the  lower  bound  on  F(mol(i/j)) 
for  CO;  is  0. 15,  it  would  not  be  unreasonable  for  the  ab- 
solute /'(moUi',}'i's  to  be  uncertain  by  as  much  as  a factor 
of  2. 

VI.  DISCUSSION 

Our  results  show  that  the  quenching  of  Br*  by  CO,  is 
more  efficient,  by  over  one  order  of  magnitude,  than  the 
analogous  quenching  of  Br*  by  COS  and  CS,.  If  quench- 
ing were  due  to  a nonresonant  nonadlabatlc  transition 
from  the  electronic  potential  surface  correlating  to  the 
4 ’a*,/,  state,  then  such  a pronounced  effect  would  not 
have  been  expected.  Particularly  in  the  case  of  COS, 
the  interaction  of  Br*  with  the  oxygen  atom  la  expected 
to  be  very  similar  to  the  analogous  Interaction  in  the 
case  of  CO,. 

The  origins  of  the  different  quenching  efficiencies  for 
CO,,  COS,  and  CS,  can  be  seen  in  Fig.  7,  where  molec- 
ular states  are  plotted  which  contain  at  least  one  quan- 
tum ol  excitation.  In  the  case  of  CO,,  in  separate  ex- 
periments, we  have  identified  the  (101)  state  as  a major 
product  channel  by  the  analysis  of  the  stimulated  emis- 
sion which  originates  from  this  level  in  a laser  device 
pumped  by  £ - / transfer  from  Br*  to  CO,.  At  this  time, 
we  do  not  know  where  the  product  energy  states  lie  for 
the  cases  of  COS  and  CS,,  so  the  energy  defects  and 
number  of  quanta  involved  are  not  known.  For  the  spe- 
cies COS  and  CS,,  £—  V transfer  from  Dr*  must  (a)  in- 
volve a molecular  state  composed  of  more  than  two 
quanta  if  the  process  is  to  be  resonant,  or  (b)  involve 
a larger  energy  defect  (compared  to  CO,)  if  only  two 
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guanta  are  to  be  exchanged.  Without  information  con- 
cerning the  COS  and  CS^  product  channels,  it  is  not  pos- 
sible for  us  to  determine  experimentally  the  respective 
roles  of  energy  defect  and  number  of  vibrational  quanta 
in  contributing  to  the  rate  and  efficiency  of  energy  trans- 
fer. It  is  clear,  however,  from  the  results  presented 
in  this  paper,  that  as  the  number  of  quanta  required  to 
make  the  quenching  process  near  resonant  (A£  ~ 100 
cm*')  Increases,  quenching  becomes  less  efficient.  It 
is  difficult  to  reconcile  the  quenching  of  Br*  by  CO2, 

COS,  and  CS|  on  the  basis  of  simply  a multipolar  inter- 
action. The  lowest  order  term  in  the  multipolar  expan- 
sion for  the  interaction  of  Br*  iith  CO|  is  dipole-qua- 
dnipole,  and  two  quanta  of  vil^atlonal  excitation  must 
change.  For  the  cases  of  COS  and  CS,,  the  interaction 
is  even  weaker  and  surely  cannot  account  lor  the  mea- 
sured quenching  rate  coefficients  of  4.6  and  3.4xio*  s*' 
torr"',  respectively.  It  is  possible  that  more  than  one 
type  of  interaction  is  important  in  these  systems,  and 
that  a combination  of  multipolar  interactions  and  non- 
adiabatic  transitions  must  be  considered  in  reconciling 
the  rates  of  quenching  ob  Br*  by  CO,,  COS,  and  CS,.  The 
dramatic  change  in  quenching  efficiency  for  CO,  (with  an 
established  product  channel  containing  two  vibrational 
quanta  30  cm*'  from  the  Br*  energy)  as  compared  to  COS 
and  CS,,  is  very  suggestive  of  a resonant  enhancement 
of  the  quenching  rate.  The  relatively  small  change  in 
quenching  efficiency  of  COS  as  compared  to  CS,,  where 
no  analogous  resonant  states  are  available  for  either 
species,  is  also  suggestive  of  a strong  resonant  effect 
for  the  case  of  CO,.  A study  of  the  temperature  depen- 
dencies of  these  rate  processes  should  offer  insight  con- 
cerning these  points,  and  these  measurements  are  cur- 
rently in  progress  in  our  lab.  In  the  present  experiments, 
it  has  not  been  possible  to  determine  the  primitive  dis- 
tribution of  vibrational  states  because  of  very  rapid  pro- 
cesses such  as  Eq.  (10)  which  preserve  the  number  of 
quanta,  but  redistribute  them  via  resonant  V-V  transfer. 

In  addition,  we  have  only  monitored  the  i/,  fluorescence, 
since  the  other  normal  modes  are  either  not  IR  active  or 
fluoresce  at  wavelengths  which  are  too  long  to  be  detect- 
ed with  our  present  IR  detectors.  Thus,  even  though  we 
have  measured  quantitatively  the  branching  into  the  vi- 
brational product  channels  which  contain  the  v,  vibration, 
it  remains  to  measure  similar  E—V  rates  for  the  other 
normal  modes  and  this  will  be  the  subject  of  future  study. 

At  this  point,  we  do  not  attach  particular  significance  to 
the  quantum  yields  for  excitation  of  t',  vibrations  as 
shown  in  Table  11.  Because  of  the  experimental  difficul- 
ties in  measuring  f ( moUv,)),  the  relative  values  of  the 
/■(mol(j/,))  listed  in  Table  n are  only  accurate  to  20%, 
and  the  absolute  values  are  only  certain  within  a factor 
of  two.  Also,  particular  care  should  be  exercised  in 
drawing  conclusions  from  these  data  since  information 
concerning  the  E—V  excitation  of  the  other  normal  modes 
for  these  species  are  not  yet  available.  For  the  case  of 
eSj,  for  instance,  it  is  energetically  possible  to  e.xcite 
two  V,  quanta  in  the  quenching  of  Br*,  where  COi  and 
COS  can  each  only  receive  one  quantum  of  v,  excitation. 
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APPENDIX 


To  obtain  the  efficiency  with  which  the  quenching  pro- 
cess produces  a specific  vibrational  excitation,  it  is 
necessary  to  compare  the  particular  vibrational  fluores- 
cence under  consideration  to  that  of  a species  whose 
concentration  is  known.  The  total  density  of  a particular 
vibrational  state  produced  by  E-  V transfer  is  obtained 
by  Integrating 

[mol)(Br*)oexp(-f /t,,.),  (A.  1) 

where  is  the  particular  £ - V rate  coefficient  under 
consideration  [mol(i'i)]^  is  the  density  of  vibrational 
quanta  produced  subsequent  to  a singie  photolysis  event, 
and  the  other  symbols  have  their  usual  meaning.  Here, 
we  have  excluded  the  deactivation  of  mol(^,)  from  con- 
sideration since  we  are  only  interested  in  the  total  den- 
sity of  species  produced,  irrespective  of  their  subsequent 
relaxation.  Integration  of  (A.  1)  yields 

[mol(i/,)],.k,.^[n,ol](Br*lor,,.  , (A. 2) 

where  [mol(n)],  is  now  the  total  density  of  vibrational 
quanta  produced  by  the  quenching  of  Br*.  Since  the 
LHS  of  Eq.  (A.  2)  is  proportional  to  the  observed  molec- 
ular fluorescence,  we  now  have  a basis  for  obtaining  the 
absolute  E—V  rate  coefficient. 

Let  us  take,  as  a basis  for  comparison,  the  fluores- 
cence from  Br* 


[Br*]»(Br*]oexp(-//TB,.).  (A.3) 

By  comparing  [mol(i',)|,  to  (Br*)o,  wo  have  a direct  mea- 
sure of  the  efficiency  with  which  the  v,  quanta  are  pro- 
duced. Thus, 

fmoKi'  )’  fraction  of  Br*-mol  quenching 
I Dr*l  collisions  resulting  in  excitation 

of  a single  quantum  in  the  molecule 

= F(mol(i/j)).  (A.  4) 

Experimentally,  [mol(i'j)],  can  be  obtained  from  the  com- 
puter generated  preexponential  portion  of  Eq.  (12),  here 
denoted  by  A 

MiWj)'  [t7tol(‘'j)l,  is  obtained  by  multiplying 
Aaii'i*  I rgf-fTe'J. since  is 

given  by 


It.r(mol)(Br*)B 


(A.  5) 


In  comparing  the  measured  intensities,  a number  of 
experimental  considerations  must  be  added  to  (A.  4) 
yielding 


F{mol{v  i i ~ ,1 1 -«u> ,) 

lBr*]o 

..  A*(Br*)  T„  D*«,  X(mol(v.)) 

' A*(mol(i/,))  A(Dr») 

factor  for  mol(t/,)]. 


^9[mol| 
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where  A*  la  the  Elnateln  coefficient  for  aponUneoua 
emlaaton,  7 le  the  tranamtaalon  of  the  Interference  fll* 
tcr(s),  D*  la  the  detector  respoiuic  at  the  particular 
frequency  on  Interest,  X la  the  wavelength  of  the  emis- 
sion, and  [trapping  factor  for  moUv,)]  accounts  for  reso- 
nance absorption,  by  unexcited  molecules,  of  radiation 
that  Is  emitted  from  the  photolyzed  volume.  It  la  not 
necessary  to  account  for  absorption  of  Qr*  emission  be- 
cause of  the  low  density  of  Br  atoms  and  the  long  spon- 
taneous emission  lifetime  (1.1  a)  of  Br*.  Trapping  of 
resonance  radiation  is  a complex  phenomenon  and  it  is 
wisest  to  choose  experimental  conditions  In  a way  that 
puts  the  trapping  factor  as  close  lo  unity  as  Is  possible. 
The  term  [ik^moll4At(Br«|y4»[mol|  accounts  tor  some 
of  the  Br*  being  deactivated  by  llrt  and  therefore  being 
unavailable  for  exciting  the  molecular  species.  The  fac- 
tors A«.i^^)  and  lBr*]g  are  taken  directly  from  the  data. 

It  Is  also  possible,  and  sometimes  very  convenient, 
to  compare  the  molecular  fluorescence  from  the  species 
under  consideration  to  that  of  a molecular  species  whose 
E—V  rate  coefficient  is  well  known.  In  this  regard, 
using  the  excitation  of  HCl  to  the  v*  1 state  as  an  exam- 
ple, (A.6)  becomes 

A‘(HC1)  7,..  X(inol(t>.)) 

A*(mol(v,))  7..,„<,I>l,io.,>  ^(HCl) 

^ tf^^'fHCl)  (trapping  factor  for  moKt',)) 

[moll  (trapping  factor  for  HCl)  ' ^ ‘ 

where  it  la  understood  that  HCl  la  excited  to  the  e*  1 
state. 

Whereas  the  use  of  Eq.  (A.  6)  has  the  advantage  of 
constituting  more  of  a direct  measurement  than  the  use 
of  Eq.  (A.  7),  there  are  a number  of  difficulties  associ- 
ated with  the  use  of  Eq.  (A.6).  These  difficulties  stem 
mainly  from  the  lower  signal  levels  of  Dr*,  the  require- 
ment of  using  more  than  one  interference  filter  to  obtain 
Br*  signals,  and  the  large  change  of  D*  from  3685  cm*' 
(Br*  emission)  to  many  of  the  lower  frequency  molecular 
frequencies  of  Interest.  The  use  of  Eq.  (A.  7)  avoids 
these  difficulties  and,  in  addition,  minimizes  dllflcultles 
due  to  radiation  trapping.  In  this  regard,  in  comparing 
fluorescence  from  two  molecular  species  with  compara- 
ble spontaneous  emission  lifetimes  (e.g. , CO|  and  COS), 
the  effects  due  to  radiation  trapping  are  very  similar 
for  each  species,  and  thus  do  not  constitute  a significant 
source  of  error. 

It  should  be  cautioned  that  the  use  of  Eq.  (A.  6)  and/or 
(A. 7)  to  obtain  absolute  B—V  rate  coefficients  Is  dif- 
ficult, requiring  considerable  experimental  care.  The 
accumulation  of  systematic  errors  from  the  various  . z- 
perlmental  factors  inevitably  results  in  error  limits  of 
a 20%,  for  the  best  of  cases.  This  Is  the  uncertainty  of 


the  relative  £-  V rate  coefficients  {e.g.,  >(CO,(»'^}  vs 
f(COS(v,))). 

The  largest  sources  of  uncertainty  in  deriving  absolute 
B — V rates  from  Eq.  (A.6)  are  the  spontaneous  emis- 
sion lifetimes  of  the  fluorescing  species.  Carstang^*'*^ 
estimates  an  uncertainty  of  20%  for  the  Br*  lifetime, 
and  similar  uncertainties  exist  for  the  molecular  life- 
times which  are  obtained  from  Integrated  absorption 
data.  Consequently,  we  feel  that  the  absolute  E-V  rates 
are  only  certalr.  to  within  a factor  of  two. 
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i 

A pulled  dye  laser  has  been  used  (o  phololyiically  produce  escited  bromine  atoms  in  the  4 -p,  , stale  in  a 
^ nowiai  (M  misiure  coniaining  Br,.  H,0,  and  Ar.  By  monitorini  ihe  lime  resolved  molecular  nuorescence 

} from  Ihe  sire<chiii(  vtbraiions  of  H,0.  it  was  possible  lo  determine  (I)  ihe  rale  coeiricieni  for  the 

,1  qucflchmi  of  Br*  1^  HjO.  (2)Vh«  fraction  of  the  quenchini  collisions  which  result  m excitation  of  the 

j (001)  and/or  (100)  suie.  and  (i)  various  V-V,  R,  T eneify  transfer  rate  coeiricients  for  H.O'  Our 

•;  resulu  indicalc  that  energy  liynsfer  from  Br*  to  H,0  is  a fast  and  mode  specific  process  A conipanson  to 

other  Br*-hydnde  systems  is  made. 


f 


I 

) 


1.  INTRODUCTION 

The  collisional  deexciution  of  electronically  excited 
halogen  atoms  in  the  state,  with  accompanying 
vibrational  excitation  in  the  molecular  quencher,  has 
become  the  subject  of  considerable  experimental*'* 
and  theoretical"*”'*  investigation  in  recent  years.  For 
low  electronic  exciutions,  in  which  only  one  or  two 
vibrational  quanta  are  involved,  such  processes  can  be 
highly  mode  specific  and  there  is  a clear  indication 
that  resonant  energy  transfer  is  the  preferred  quenching 
route  when  this  channel  is  available.  Away  from  reso- 
nance, it  is  still  possible  to  efficiently  excite  the  vibra- 
tional degree  of  freedom  of  the  quenching  species,  but 
here  there  are  no  clear  propensity  rules,  and  each  case 
seems  to  be  somewhat  speci.il. 

The  present  experimental  study  describes  the  quench- 
ing of  Br(4*P,/j),  hereafter  referred  toasBr*,  byH,0, 
with  resulting  excitation  of  the  (001)  and/or  (100) 
states.  Water  vapor  occupies  a unique  role  in  vibra- 
tional energy  transfer  because  of  the  strong  anisotropic 
forces  (such  as  hydrogen  bonding)  between  water  mole- 
cules and  a number  of  collision  partners.  H,0  is  an 
extremely  efficient,  chemically  stable  quenching  partner 
lor  species  such  as  COj,”  HF,“  and  many  others.  Most 
previous  work  concerning  energy  transfer  between  H,0 
and  other  molecules  was  done  using  ultrasonic.  Impact 
tube,  and  shock  tube  techniques. 

A schematic  of  the  H,0  and  Br  energy  levels  and 
energy  transfer  processes  is  shown  in  Fig.  1.  In  ad- 
dition to  the  proximity  of  the  (001),  (100),  and  (020) 
states,  there  is  considerable  coupling  of  these  vibra- 
tions [(001)  and  (100)  via  Coriolis  interaction,  (100) 
and  (020)  via  Fermi  interaction,  and  (001)  and  (020) 
via  Coriolis  interaction'*). 

The  purpose  of  the  present  experiments  is  twofold. 
First,  we  require  accurate  rate  coefficients  for  the 
Br*-H,0  system  in  order  to  correctly  determine  the 
potential  of  the  11,0  laser  which  is  pumped  by  electronic 
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Grant  No,  OAAC29-78-G-0124,  and  by  the  Donors  of  the 
Petroleum  Research  Fund,  administered  by  the  American 
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to  vibrational  (E-  V)  energy  transfer  from  Br*.  '* 
Second,  by  studying  energy  transfer  from  Br*  to  H,0, 
we  hope  to  contribute  to  an  understanding  of  the  mech- 
anisnils)  of  E—  V energy  transfer  in  simple  molecular 
systems. 

II.  EXPERIMENTAL 

The  experimental  technique  used  in  the  present  study 
is  laser  induced  fluorescence,  and  our  particular 
arrangement  has  been  described  in  detail  previously. 

In  the  work  reported  here,  H5O  dilute  in  Ar  was  injected 
into  a (lowing  Br,.  Ar  mix  sufficiently  upstream  from 
the  fluorescence  cell  to  insure  proper  mixing.  Pres- 
sures were  measured  with  a corrosion  resistant  capac- 
itance manometer  (MKS).  Since  both  HjO  and  Br,  were 
dilute  in  Ar,  the  sound  velocities  for  the  Br.  .Ar  and 
H.O/ .Ar  samples  were  very  nearly  the  same  and  no  cor- 
rections to  the  measured  partial  pressures  were  neces- 
sary.** Flashlamp  pumped  dye  lasers  (Chromatix  and 
Phase-R,  5 and  15  mJ,  respectively)  operating  near 
490  nm  were  used  to  create  Br*  on  a time  scale  short 
compared  lo  that  of  the  subsequent  kinetic  processes. 
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Fit',.  1.  tiiiTj;y  U-vol  tllugrum  showing  the  low  Iving  .stutvx  of 
thf  Br+ll;0  system.  The  straight  arrows  indicate  the  V-V. 
R,T  processes  ol  the  11.0  molecule.  Spontiuiooii.s  omission 
(labelled  )ii’)  l.v  moiiiturcd  on  the  (OOU  — liiooi  aivl  UOiil  — lOOO) 
bands,  with  the  (OOD— tooo)  band  being  the  striivigcr  emitter. 
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KtC.  2.  Typical  ll;0’  (Vj,  i'll 
fluorescence  slijnal  after  aver- 
aging eight  traces.  Here, 

(ll20|  + (Br;l  = 0.61  torr, 
=■0.042,  and  the  dy.'  laser 
energy  was  13  mJ, 


At  490  nm,  Bf]  photolysis  produces  Br*  and  Br  In  ap- 
proximately a 1 : 1 ratio.  Mirrors  were  used  to  mul- 
tiple pass  the  dye  laser  beam  through  the  fluorescence 
cell  thereby  improving  S AV.  Spontaneous  emission 
was  observed  at  right  angles  to  the  laser  beam  with  a 
large  area  InSb  photovoltaic  detector  fitted  with  a 
cooled  (77 ’K)  interference  filter  (FWHM=  l.O  jim  cen- 
tered at  3.0  fim)  in  order  to  eliminate  scattered  laser 
light  and  reduce  the  background  flux  incident  on  the 
detector.  Signals  from  the  detector  were  amplified, 
digitized,  averaged,  and  recorded  with  an  XY  plotter 
as  reported  previously.  ’ One  such  typical  signal  is 
shown  in  Fig.  2.  Since  these  Jata  are  of  the  type  where 
data  analyses  must  oe  done  with  a computer, 
and  this  is  described  below.  Fluorescence  from  Br* 
was  strongly  overlapped  by  HjO'  emission  and  it  was 
not  possible  to  monitor  Br*  directly. 

Bry  (Aristar  grade,  British  Drug  House,  99.  8*^)  was 
purified  by  repeated  distillation  from  255  to  77  "K  fol- 
lowed by  slow  passage  over  P-Oj.  H^O  was  degassed 
at  295  and  273  "K.  Ar(Airco,  99. 998‘c)  was  passed 
through  a trap  at  77  ®K.  H|0/ Ar  .and  Brj/  Ar  gas  mix- 
tures were  prepared  separately  in  12  liter  pyrex  bulbs 
prior  to  a given  run  and  allowed  to  mix  thoroughly  be- 
fore use.  In  addition,  the  glass  apparatus  was  sea- 
soned by  exposure  to  Br;  and  H2O  several  hours  before 
each  experiment. 

III.  RATE  PROCESSES 

The  production  of  Br*  by  laser  photolysis  takes  place 
on  a time  scale  which  is  short  compared  to  that  of  the 
subsequent  kinetic  processes.  Following  photolysis, 
removal  of  Br*  proceeds  by  way  of 

Br*>  H,a0O0) -Br 4.  HjOf all  states)  (1) 

and 

Br*+Br,i*Br+Br,.  (2) 

Deactivation  of  Br*  by  Ar  is  very  inefficient”  and  does 
not  contribute  to  Br*  removal  under  our  experimental 
conditions.  Process  (1)  can  be  further  separated  as 
per  the  vibrational  states  of  HjO; 

Br*4.H,0(000)-Br4.HjO(t'3.  w,).  (3) 

Br**H,O(000)-Br4.H,O(0»i0),  (4) 

where  >i«0,  1,  2,  and  (v„  t',)  indicates  one  quantum  of 
cither  v,  or  v,  vibration.  Collisional  energy  transfer 
between  the  (001)  and  (100)  states; 
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HjCXOOl)  + HjCKOOO)  - HjCK  100) 

+ H,a000)+  104  cm-’ , (5) 

is  extremely  rapid  {It  ^ lo’  sec’  torr'*  at  295  °K).  ” Due 
to  this  very  strong  collisional  coupling  of  v,  and  Vi,  we 
cannot  treat  these  states  separately  in  the  experiments 
reported  here  and  thus  we  will  treat  the  stretching 
vibrations  as  a single  energy  state  during  much  of  this 
paper.  Also,  emissions  from  the  (001) -(000)  and  (100) 
— (000)  bands  are  strongly  overlapped  in  frequency, 
preventing  precise  identification  with  interference  filter 
resolution. 


Deactivation  of  HjOtV],  v,)  occurs  via  the  following 
processes: 


HjCXi’j,  v,)*  HjOtOOO)- H;O(0)i0)  + H,O(0/»/0! . 
HjCH:'},  i'\)  * H;O(0h0)  4 Drj , 

H20(i'3,  I'j)  + Ar  --  H,O(0»i0)  + Ar  . 


The  H;0(i'j,  i’,)  density  is  given  by 


fH,0(.<3,  t/, )!(/)  = 


l?3fH,0|[Br*|n 

■’’Br*  “ *1-3, 


16) 

(7) 

(8) 


x[exp'-"'''3.''i’  - exp'-'  ''Bf*'! , (9) 

where  [Br*lo  the  density  of  Br*  produced  by  the 
laser,  and  Tg,,  and  are  the  lifetimes  of  Br*  and 
HjOfi'j,  v,).  respectively.  Here,  we  assume  implicitly 
that  excitation  is  a simple  process  as  described  by  (3). 
This  of  course  is  not  the  case,  and  (3)  can  be  broken 
down  to  the  separate  processes; 

Br*4-H20(000)*- Br^-HjCHOOl),  (10) 

Br*+H20(000)-’Br+H20(100).  (11) 


However,  because  of  the  very  rapid  equilibration  of  the 
(001)  and  (100)  states  via  (5),  we  can  take  these  two 
states  to  be  in  equilibrium  with  relative  populations 
given  by 


[HtCXOOl)  ie/»( 

fHja  100)1 


0.61 


(12) 


at  295  *K. 


Experimental  conditions  are  maintained  such  that  all 
kinetics  are  sensibly  first  order.  Rate  coefficients  are 
obt.ained  from  the  observed  lifetimes: 


=A-.fH,OM;,fBrjl*  l',f  Ar) . (14) 
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FIG.  3.  Rate  of  fluorescence  rise  (a)  and  fall  tW  as  a function  of  sample  mole  fraction.  Each  point  represents  an  average  of 
nominally  128  separate  traces.  The  straight  lines  are  least  squares  fits  to  the  data. 


bjr  the  uaual  systematic  variations  of  concentrations. 
Since  the  observed  rise  and  fall  times  of  the  fluores- 
cence signals  are  comparable,  it  was  necessary  to  use 
a computer  curve  fitting  routine  to  extract  and 

IV.  RESULTS 

By  varying  the  mole  fraction  (X)  of  the  gas  sample 
while  measuring  r,,,,  and  r,^„  we  obtained  the  daU 
shown  in  Fig.  3.  There  is  a natural  ambiguity  in 
ascribing  t,,m  8nd  to  the  proper  kinetic  processes, 
and  this  is  clear  from  inspection  of  (9).  With  rg,« 

< the  rise  time  is  a measure  of  t,,.,  while  for 
»,•  *“>**  ‘I™®  Is  a measure  of  t,  , . Final 

and  Moore  have  measured  energy  transfer  rale'  coeffi- 
cients for  the  (001)  and  (100)  states  of  H,0,'’  and  thus 
we  are  able  to  assign  the  V > 1 intercept  in  Fig.  3(b)  to 
the  rate  coefficient  (or  removal  of  the  (equilibrated) 
stretching  mode  excitation.  The  rate  coefficients  (J^,, 
f'3>  obtained  from  Fig.  3 are  listed  in  Table  I. 

In  obtaining  rate  coefficients  from  the  intercepts  shown 
in  Fig.  3(b),  it  was  necessary  to  include  the  quenching 
of  HfCXv],  vj)  by  Ar.  **  In  the  region  near  .T  » 0 in  Fig. 
3(a),  data  were  collected  and  anlayzed  separately  in 
order  to  obtain  an  accurate  intercept.** 

The  absolute  rate  it,  for  exclutton  of  H,0(  v,)  was 

obtained  by  comparing  the  fluorescence  intensity  of  H,0' 
with  that  of  HCl(t'<  1).  This  is  an  elaborate  procedure, 
and  details  of  the  experimental  technique  and  data  anal- 
ysis are  given  in  Ref.  5 and  will  not  be  repeated  here. 
We  should  like  to  emphasize  that  the  largest  sources 
of  error  In  these  measurements  are  systematic  rather 
than  random.  In  the  work  reported  here,  values  of  174 
and  17  cm-*atm-‘(29S  ’K)  for  the  (000) -(001)  and  (000) 
-(100)  band  strengths  of  H,0,'*  and  135  cm'*atm‘'(29S 
*K)  for  the  0-1  band  strength  of  HCl*’  were  used.  The 
corresponding  spontaneous  emission  lifetimes  .ire  13.  4, 
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145,  and  29.  3 msec,  respectively.  We  feel  that  these 
values  are  must  accurate  even  though  other  values  can 
be  found  in  the  literature.  In  analyzing  the  d.^ta,  it  is 
necessary  to  include  emission  from  1 100)  as  well  as 
(001): 

[H, 0(001)1  lH,O(100)| 

‘ . ♦ . (15; 

'001  ' 100 

where  /“  = fluorescence  Intensity,  r refers  to  the 
spontaneous  emission  lifetime,  and  we  have  assumed 
that  the  104  cm**  difference  in  emission  frequencies  is 
not  important.  Since  collislonal  mixing  of  (001)  and 
(100)  results  in  an  equilibrium  of  these  states  as  per 
(12),  (IS)  reduces  to 

^n^0.3ft[H.CXp,.  v,)l  0.62fH,O(p,.  r,)! 

^001  f 100 


TAULE  1.  Summ.tiy  of  the  r:iU,‘  measurements. 
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FIG.  4,  Prolxibility  of  quonchuii;  per  collision  vs  encriQ’ 
defect  for  all  hydrides  which  are  known  to  quench  Hr*  via 
E — V transfer.  All  probabilities  are  tor  the  exothermie  direc- 
tion. The  sources  of  the  data  arc;  llF(upper).’  IIFtlowcr),** 
IICN,*  MCI,"  and  Ml'r.'  The  u)>per  ami  lower  circles  for  the 
ease  of  lIjO  ivter  to  ti  iuister  into  the  lOOU  .mil  1100)  states, 
respectively.  The  measured  efficiencies  Of.y  Fg)  intopartic- 
ular  product  states  sre  also  listed.  Molecular  diameters  are 
fi-om  Ref.  28.  The  dkuneter  of  Br*  is  t.aken  to  be  the  same  as 
Kr  (3.60  A). 


Where  [HjCHOODN  (HjCHlOO)h  i-,)!.  Since  too, 

ia  an  order  of  magnitude  smaller  than  r,^,  most  of  the 
observed  emission  emanates  from  the  (001)  state. 

Analyses  of  six  sets  of  data  yield  .on  absolute  rate 
coefficient  kj  which  is  25%  higher  than  the  quenching 
rate  coefficient  It  is  not  surprising  that  we  mea- 
sure k,  as  the  (001)  and  (100)  states  are  not  com- 
pletely equilibrated  during  the  measurement  and  selec- 
tive pumping  of  (001)  would  produce  this  result.  Since 
it  is  not  possible  to  produce  more  than  one  quantum  of 
(P),  p,)  excitation  per  quenching  collision  (and  given  the 
possible  systematic  errors)this  measurement  shows 
that  Ir,  aiib,.  This  point  Is  noted  in  Table  I. 


tion,  where  detailed  balance  is  used  to  m.tke  the  .appro- 
priate correction  for  rates  which  are  measured  in  the 
endothermic  direction.  In  the  case  of  H,0.  this  results 
in  two  (Kisstble  values  lor  the  quenching  prol>abiUty 
since  we  do  not  know  whether  (1)  proceeds  via  (10)  or 
(11). 

Tile  mode  specific  nature  of  the  energy  transfer 
process  suggests  (hat  a long  lived  intermediate  is  not 
formed  in  collisions  of  Br*  with  HjO.  Because  of  the 
high  quenching  probability,  it  is  nut  possible  to  calcu- 
late this  probability  using  standard  perturbation  theory 
techniques.  We  should,  nevertheless,  like  to  make  a 
few  comments  concerning  the  two  vehicles  of  energy 
transfer,  multipolar  interactions  and  non.idiabalic 
transitions,  which  may  be  responsible  for  the  observed 
E - V transfer. 

The  lowest  order  nunvanishing  term  arising  from  the 
long-range  multipolar  field  interaction  of  Dr*  with  H.O 
is  diiK'le-quadruiiole. Rough  calculations  of  transi- 
tion prob.abilities,  using  this  interaction,  indic.-tie  that 
this  Interaction  alone  ran  adequately  account  for  our 
observations.  In  these  calculations,  we  have  used 
first-order  perturbation  theory  to  compute  the  transi- 
tion proliabilities  following  Sharma  and  Urau.  ''  We 
hiive  used  the  integrated  absorption  data  lor  IDO**  to 
obtain  the  transition  dipole  moment,  and  the  transition 
quadrupole  moment  of  Br-  Br*  was  taken  from  G.ir- 
stang.  The  computed  v'robabiiities  are  of  oruer  unity 
indicating  la)  that  the  use  of  perturbation  theory  is  not 
valid,  .ind  (b)  altluiugh  an  arciiniti'  comp.inson  between 
experiment  and  theory  is  not  possible,  it  is  clear  that 
the  dipole -quadrupole  interaction  ('im  account  for  our 
observations.  Similar  considerations  applied  to  the 
case  of  Br*  - HF  also  show  that  the  observed  E - V 
transfer  here  c.an  be  explained  by  a dipole -quadrupole 
interaction.  For  molecules  where  energy  transfer  Is 
much  less  resonant  (HCN,  HCl,  HBr, . . . ).  the  ob- 
served quenching  rates  cannot  be  accounteu  for  by  the 
multipolar  interaction,  as  the  computed  probabilities 
are  very  much  smaller  than  the  measured  probabili- 
ties. Here,  nonadiabatlc  transitions  between  the  two 
electronic  potential  surfaces  must  be  responsible  for 
the  observed  energy  transfer  processes. 

We  are  presently  measuring  the  temperature  depen- 
dence of  the  E-V  energy  transfer  rate  coefficients  in 
order  to  further  determine  the  mechanisms  whereby 
energy  transfer  occurs. 
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V.  DISCUSSION 

The  excitation  of  HtOiv,,  iq)  via  Br*  quenching  Is  an 
example  of  a fast,  resonant,  mode  specific  energy 
transfer  process  in  which  electronic  and  vibrational 
degrees  of  freedom  are  coupled.  Transfer  to  the  (001) 
state  Is  71  cm*'  endothermic,  while  transfer  to  (100)  ts 
33  cm*'  exothermic.  Figure  4 compares  the  quenching 
probability  of  KjO  to  those  of  other  hydrides.  Those 
species  listed  in  Fig.  4 areuf/  of  the  hydrides  which 
are  known  to  quench  Br*  efficiently  via  E - V exchange. 
The  probabilities  are  shown  for  (he  exothermic  direc- 
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VIII.  Temperature  dependence  of  the  quenching  of  Br(4‘P^;2)  by 
C0«  and  HCI  with  accompanying  vibrational  excitation*^ 

Hanna  Raialaf^*  and  Cort  Wittig 

DtfVfmtmi  V Ckcinc*/  Ei»$mttnmt  anrf  fhyuci.  L'aiwnily  or/  Souihfni  Cjlt/orma.  t'ninrutf  fjrk. 

Lm  Aottln.  40007 

(a«e«*«l  1}  OKtmter  I9T7) 


Eltetronle  to  vibrational  (ff-  V)  anargy  transfar  from  craale  Br»  atoms  on  a tlma  scale  short  compared  to 
eacltod  halogen  atoma  In  the  *P|y,  state  to  small  mole-  that  ot  the  subsequent  kinetic  processes.  Gas  mixtures 

cutes  has-been  the  subject  ot  cot|alderable  recent  Inves-  consisting  of  Br„  the  molecular  gas,  and  an  Ar  butter 

tlgatlon.'"*  Several  mechanisms,  such  as  long-range  were  irradiated  by  the  dye  laser  in  the  heated  fluores- 

mulUpoUr  Interactions,  *•*  short-range  repulsive  inter-  cence  cell.  Time  resolved  fluorescence  from  the  mo- 

actlona,  and  nonadlabatlc  curve  crossings*  have  been  lecular  species  was  collected  with  a 5 cm  A I CaF,  lens 

suggested  as  being  responsible  for  this  process.  The  and  directed  through  a narrow-band  interference  filter 

determination  of  rate  coefficients  alone  at  a single  onto  the  InSb  detector.  Data  were  digitally  averaged 

temperature  cannot  distinguish  between  these  different  until  S/S  > 10  was  achieved.  Ar  and  CO,  were  purified 

mechanisms.  For  this  reason,  we  have  measured  the  as  described  previously. ' HCI  (Matheson  99. 91)  was 
temperature  dependence  of  the  quenching  of  Br«*/»,^,),  distilled  from  an  iso|>entane  slush  (113  K)  to  a vessel 

hereafter  referred  to  as  Br*,  by  small  molecules.  In  at  77*K  with  only  the  middle  fraction  retained 

particuUr,  we  are  interested  in  tiuse  systems  for  ,,  ^ 

which  £-  V transfer  has  been  identified  as  a major  conditions,  the  rate  of  rise 

quenching  channel.  In  this  communication,  we  report  ***  fluorescence  curve  is  given  by 
examples  of  such  temperature  dependences,  for  the  = *,lDr,)  ♦ a.(mot|  , (I) 

eases  of  HCI  and  CO,,  in  the  temperature  range  19#- 

«08*K,  The  fractions  of  quenching  collisions  resulUng  “ *''*  '»»>•«>"•>  lifetime  of  Br*  and  If,  and 

in  excitation  of  HCKr  • 1)  and  00,(1-,)  are  0. 95’  and  *’  ‘‘©•‘'‘'■'•’'f*  'or  quenching  of  Br*  by  Br, 

0.4,' respecUvely.  The  temperature  dependence  of  the  «»s  molecular  species,  mol,  respectively.  Div,d- 

quenching  of  M*P,„)  by  a number  of  coUlsion  partners  > *•  K*“« 

has  been  reported  previously.*'*  However,  vibrational  ( />7sr« >''*(*,-♦,)  t»,,  ♦*,  . (2) 

excitation  in  the  molecules  was  not  detected  In  these 

experiments  and  therefore  the  contribution  of  the  £ - V where  v^,  is  the  mole  fraction  of  HCI  or  CO,.  The  rate 
channel  to  the  total  quenching  Is  unknown.  coefficient  »,  was  determined  from  a linear  plot  of 

VS  \»,,,  which  Yields  a slope  of  4.-4,  and  an 
In  the  present  study  we  have  used  laser  induced  fluo-  Intercept  of  4,  At  each  temperature,  r.^'was  mea- 

rescence  to  measure  the  quenching  of  Br*  by  HCI  and  sured  lor  at  least  7 dilferent  y.,  in  the  range  0 i)5-0.35. 

with  accompanying  vibrational  excitation  In  the  and  at  several  different  total  pressures  for  each  mole 

molecular  species.  The  main  features  of  the  expert-  fraction.  Also,  a portion  of  each  sample  was  directed 

ment  have  been  described  previously.'''*  For  the  tern-  into  a second  cell  maintained  at  room  temperature,  and 

perature  dependence  measurements,  a fluorescence  cell  the  room  temperature  rate  coefficient  was  measured 
was  constructed  of  an  IN -3  glass  tube,  onto  which  a 2.  5 concomitantly  to  serve  as  a check  on  the  purity  of  the 
cm  diam  sapphire  window  was  directly  fused  at  the  samples.  The  room  temperature  rate  coefficients  were 

center.  The  cell  was  enclosed  in  a copper  sleeve  which  In  good  agreement  with  previously  published  values  ''’ 
was  wrapped  with  nichrome  heating  srlre.  The  furnace 

assembly  was  thermaUy  insulated  by  fire  brick.  Tern-  ''  ‘•mperature  of  the  sample  lead.i  to  a 

perature  variations  during  an  8-h  period  were  s i2'K  change  in  the  average  velocltv  of  the  molecules  i-  and  ^ 

Temperature  gradients  along  the  center  portion  of  the  <’»***•«>»  ''••duency  Thus,  it  is 

cell  were  about  4*K.  with  the  window  being  the  coolest  convert  the  measured  rate  coefficients 

part.  To  minimise  temperature  gradients  in  the  sam-  actions  (0-4  'r»  for  the  present 

pie,  the  laser  beam  passed  3 cm  below  the  window.  A discussion.  The  cross  sections  for  the  quenching  of 
flashlamp  pumped  dye  laser  (Chromatix  CMX-4,  1-4  in  Fig.  1. 

mJ,  I Msec  FWHM!  operating  near  490  nm  was  used  to  From  Fig.  1 it  is  clear  that  CO,  exhibits  a negative 
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FIG.  I.  Cr<M(  ••ctlon*  for  the  dcictivalioa  o(  Br(4 ’Pi/il  by 
CO,  Uhl  HCl.  Th*  uBcarUtBiy  ta  • t0%.  ProbabiUtiaa  may  ba 
obuUMd  by  dlvkluig  by  tha  gaa  kmaltc  croaa  aactioo, 

" whara  dg,*  a dM»  • 3.  bO  A , dn^i  ■ 3.  3b  A,  and 

dco,*3  »»A- 


Umptratvr*  d«p«nd«nca,  a trend  predicted  for  a long- 
range  lederactton  al  near  resonance.  TMs  la  com- 
patible with  a major  channel  of  the  quenching  of  Br*  by 
CO,  being  £-  V transfer  to  CO,  (101)  arlth  ^£^~30 
cm'',  aawaspreviously  suggested.'  We  should  emphasize 
that  fi  - V transfer  to  vibrational  levels  of  CO,  other 
than  the  (101)  state  may  contribute  to  the  observed 
cross  sections  since  excitation  of  v,  only  accounts  for 
- 40%  of  the  quenching. 

E-  V transfer  from  Br*  to  HC1(«>  • 1)  is  789  cm"' 
exothermic,  and  based  on  comparison  with  V-V  trans- 
fer processes  of  similar  AE,  one  would  e.xpect  a posl- 
tiva  temperature  dependence.  Our  results  show  that 
the  cross  sections  are  almost  Independent  of  tempera- 
ture In  the  range  300-600  ^K.  Also,  the  cross  sections 
are  too  large  to  be  accounted  for  by  the  long-range 
multipolar  interaction  as  the  energy  transfer  Is  quite 
far  from  resonance.  It  has  recently  been  proposed* 


that  for  such  X* -f  HY  systems  (X,  Y s halogens),  £-V' 
transfer  proceeds  via  nonadlabatlc  transitions  between 
crossing  potential  surfaces.  For  Br*  ♦ HCl  this  means 
crossing  between  the  ’A'  surface  of  Dr*  + HCKr  *0) 
and  the  '.V'  surface  of  Dr  HCI(i' « 1).  Our  results 
support  this  mechanism,  further  Indicating  that  this 
crossing  takes  place  at  an  energy  acceasible  to  a large 
fraction  of  the  collisions  even  at  room  temperature. 

In  conclusion,  the  results  presented  here  suggest  that 
both  multipolar  long-range  Interactions  and  nonadlabatlc 
curve  crossings  are  Important  mechanisms  in  specific 
E-V  transfer  processes.  However,  as  the  relative 
contributions  of  the  various  mechanisms  vary  with  each 
case  studied,  more  data  are  required  before  more  gen- 
eral conclusions  can  be  drawn.  Such  experiments  are 
currently  in  progress  in  our  laboratory. 
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IX.  Temperature  dependence  of  electronic  to  vibrational  energy 
transfer  from  Br(4*P,/2)  to  ’*C02  and  ^^C02*’ 

Hanna  Reisler  and  Curt  Wiltig 
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Tcmpcfilurc  dcpeixltni  qu<nchm(  cniw  NiviuMii  for  ihe  .olliuoiui  .)  t»>  CO;  tnJ 

"CO.  *tn  JctcrmuMil  hy  monitocwi  lh«  urn*  r»ol»ed  mola.'uUr  nuortwcnvc  from  ih«  Vi  >ibr*ik«ul 
mode  o«  CO.  Theie  crou  sections  dccmiNe  »uh  iiKre»in|  icmperelurr  in  ihe  range  :'»6-(iOO'K. 
indicniing  (Imi  near  reionani  chAineU  dominate  the  quenching  prw.-ea«%  m tanh  nHikcule%  The  rrven 
temperature  rate  coeftWienli  for  the  quenching  of  Hr*  by  "COj  and  "CO.  are  (?OaO:tlO  and 
(2  j^O  1)10*  »ec''torT  re»p»ti*ely.  »ith  about  half  of  the  quenching  collivktn^  reaulimg  in  ewitaikm  ol 
the  V,  mode  in  the  caie  of  emh  molecule  »>  mimilonng  the  amptiiudcc  jf  the  v,  nuorewence  ugnala 
from  "CO.  at  different  lemperaturn.  the  temperature  dependence  itf  the  electronic  to  vibraiional  it  — f ) 
energy  tranafer  croaa  recnona  into  tutea  containing  o,  eaciiation  nat  obtained  The  experimental  resulii 
are  compared  nith  cakulaiiona  of  £— f energy  trander  croaa  lectiona  »hich  are  baaed  on  limg  range 
multipolar  interaciiona 


I.  INTRODUCTION 

The  process  of  electronic  lo  vibr.ition.il  (£-  V')  enero’ 
transfer  from  halogen  atoms  in  the  'Pm  state  to  small 
molecules  has  recently  .ittr.ieted  considerable  atten- 
tion. and  a large  number  of  rate  coefficients  have 
been  reported  for  £-  V energy  transfer  from  Brl4  V,,.) 
and  1(5 '£,/})  to  diatomic  and  triatomlc  molecules.  When 
the  number  of  vibrational  quanta  excited  is  small,  and 
.1  near  resonant  ch.iiiiicl  is  available,  the  process  is  of- 
ten fast.  efficient,  and  mode  specific.  Thus,  a number 
of  molecular  lasers  based  on  such  £-•  V energy  transfer 
processes  from  Br(4>,yj).  hereafter  referred  lo  as 
Br*.  have  been  reported. In  cases  where  no  reso- 
nant channels  are  available,  the  quenching  rale  coef- 
ficients may  still  be  high.  However,  no  general  trends 
have  been  observed  and  specific  details  of  the  potential 
surface  of  the  collision  pair  may  determine  the  energy 
transfer  probability.  Most  experimental  results  have 
been  discussed  in  terms  of  two  possible  mechanisms; 
long-range  multipolar  interactions*^’**  and  nonadiabatic 
curve  crossings.*^  Measurements  of  the  temperature 
dependence  of  the  cross  sections  have  proven  to  be  very 
useful  in  elucidating  mechanisms  of  V-  V energy  trans- 
fer.'* No  such  measurements  have  yet  been  reported 
for  £-  V’  energy  transfer. 

The  temperature  dependence  of  the  quenching  of 
•<5*P»/i)  *>y  » number  of  collision  partners  has  been 
reported  previously.  *’••*  However,  vibrational  excita- 
tion in  the  molecules  was  not  detected  In  these  experi- 
menU  and  therefore  the  contribution  of  the  £-  channel 
to  the  total  quenching  is  unknown. 

In  a preliminary  communication,  we  have  described 
measurements  of  the  temperature  dependence  of  the 
quenching  of  Br*  by  HCl  and  COj.'*  For  these  two  sys- 
tems £ - V energy  transfer  has  been  established  as  a 
major  quenching  channel  at  room  temperature.  The 
quenching  of  Dr*  by  CO.  exhibits  a negative  temperature 
dependence,  a trend  predicted  for  a long-range  tnter- 

**lteiearch  supported  by  the  U.S.  Arnty  Research  Office. 
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action  at  near  resonance.  In  the  case  of  HCl.  despite 
a large  energy  defect  (789  cm'*),  large  rate  coefficients 
which  are  nearly  independent  of  temperature  in  the  300- 
OOfl’K  r.inge  were  measured.  .\  curve-crossing  mech- 
anism may  be  responsible  for  energy  tr,insfer  in  this 
case. 

In  this  contribution  we  describe  further  studies  on  the 
Br*-CO.  system.  We  have  determined  the  temperature 
dependences  of  the  quenching  cross  sections  of  Ur*  bv 
*’CO.  .md  ’’CO;.  The  motivation  (or  these  measure- 
ments was  to  probe  the  importance  of  exact  resonance 
in  governing  the  magnitude  and  the  temperature  varia- 
tion ol  ihe  cross  sections.  Our  results  are  compared  to 
calculated  energy  transfer  cross  sections  based  on  long- 
r.inge  multipolar  inter.iction.  Furthermore,  in  the  case 
of  ”CO.  we  h.ive  been  able  to  determine  the  fraction  of 
the  quenching  collisions  which  result  in  i‘3  e.xcitation  in 
the  300-525 'K  temperature  range,  thus  establishing  for 
the  first  time  the  temperature  dependence  of  an  E~  I' 
energy  transfer  process. 

II.  EXPERIMENTAL 

In  the  present  study  we  have  used  laser  induced  flu- 
orescence to  measure  the  quenching  of  Br*  by  ' y'O;  and 
**CO},  by  monitoring  the  molecular  fluorescence  from 
Ihe  v,  mode.  The  experimental  arrangement  and  pro- 
cedures have  been  described  previously.  *••*  Briefly. 

Br*  was  produced  on  a time  scale  which  was  short  com- 
pared to  that  of  the  subsequent  kinetic  processes  by 
photolysis  of  Br,  using  the  output  from  a pulsed  dye  la- 
ser (Chromatix  CMX-4.  1-4  mJ,  1m  sec  FWTl.M)  at  490 
nm.  The  dye  laser  beam  was  divided  by  a iH'am  splitter 
and  directed  simultaneously  into  two  fluorescence  cells, 
one  maintained  at  room  temperature,  and  the  other 
heated  in  .in  oven.’*  Gas  mixtures  consisting  of  Br., 
CO.,  and  .Ar  were  irradiated  by  the  dye  laser  in  the  llu- 
orescence  cells.  Time  resolved  fluorescence  from  the 
molecular  species  was  collected  with  a 5 cm  ^(1)  CaF- 
lens  and  directed  through  the  appropriate  interference 
filters  onto  an  InSb  detector.  For  quenching  rate  coef- 
ficient measurements,  a narrowband  interference  filter 
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FIG.  1.  Tjrpic.t  daU  for  lh«  quonching  of  Br*  by  '*CO]  and  'HTO]  obtained  by  monitoring  vj  molecular  Huorescence.  Quenching 
rata  eoamcionta  warn  oomputad  from  the  slope  and  the  Intercept  of  the  plots  as  described  In  the  text.  Typical  pressures  used 
were;  BrjaO.  3-l.S  torr,  COj:  0.  OS-0. 5 torr,  Ar;  10-30  torr,  (a)  296  *K  and  (b)  SSS'K. 


eantared  at  4. 35  mri  with  a bandwidth  of  0.24  iitn  was 
ussd.  For  E~V  rate  coefficient  measurements,  where 
the  entire  vibrational  band  must  be  monitored,  a combi* 
nation  of  two  broadband  filters  giving  a bandwidth  of  1 
ttm,  centered  at  4. 4 um,  was  used. 

Fluorescence  signals  were  digitized  and  averaged 
until  5/.V>  10  was  obtained  (usually  between  8 to  256 
pulses  were  required). 

”CO,  (Matheson,  99.995%  min.)  and  ’’COj  (Merck, 
Sharp,  and  Dohme,  95%  C-13)  were  subjected  to  re- 
peated freese-pump-thaw  cycles  at  77  ‘K.  In  addition, 
the  vacuum  system  was  seasoned  with  '\rO]  (or  several 
hours  prior  to  its  use.  Ar  and  Br,  were  purified  as  de- 
scribed previously.* 

III.  RESULTS 

A.  Temperature  dependeiKaa  of  the  quenching 
of  Br»  by  '*CO,  and  '*CO,. 

The  rate  processes  which  govern  the  rise  and  the 
decay  of  '*COj  and  v,  fluorescence  are  similar 
and  have  been  discussed  previously.  * The  number  den- 
sity of  COj  molecules  in  the  (001)  state  following  produc- 
tion of  Br*  is  given  by 


(CO,(001))(() : 


’^COjIOOl) 


where  and  collisional  lifetimes  of 

Br*  and  COjfOOl),  respectively,  iBr*]^  is  the  number 
density  of  Br*  atoms  at  fsO,  kg.r  la  the  rate  coefficient 
for  £—  V energy  transfer  from  Br*  to  the  v,  mode  of 
CO),  and  the  other  symbols  have  their  usual  meanings. 

In  our  case  « 7^0,,,,,,.  .Thus,  the  rise  of  the  mo- 
lecular fluorescence  curve  reflects  the  quenching  of 
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Br* , and  data  reduction  is  straightforward.  The  Br* 
collisional  lifetime  is  given,  under  our  experimental 
conditions,  by 

= , (2) 

where  and  Jt)  are  the  rate  coefficients  for  the  quench- 
ing of  Br*  by  Br.  and  by  'krO.  or  '*CO.,  respectively. 
Dividing  Eq.  (2)  by  the  total  number  densitv,  « = [CO,) 
^tBr.J.  we  get 

(n^Br*^  ' = “ ^i^-'^coj  • (3) 

where  -^COj  is  the  mole  fraction  of  *’CO.  or  '’CO..  The 
rate  coefficients,  k^,  were  determined  .it  different  tem- 
peratures from  linear  plots  of  (nr,^)''  vs  •Yco,  either 
by  extrapolating  to  = 1,  or  from  the  slope  (;t.  - (>,) 
and  the  intercept  (k^).  Examples  of  such  plots  are  given 
in  Fig.  1 at  296  and  SSS’K.  A portion  of  each  sample 
was  directed  into  the  second  cell  maintained  at  room 
temperature  and  the  room  temperature  rate  coefficient 
was  measured  concomitantly  to  serve  as  a check  on  the 
purity  of  the  samples. 

Special  attention  has  been  paid  to  the  room  tempera- 
ture rate  coefficient  for  the  quenching  of  Br*  by  **CO. 
which  has  not  been  previously  determined.  The  value 
obtained  from  the  plot  in  Fig.  1,  corrected  for  the  pres- 
ence of  S%  '*CO),  is  (2.3±0.1)10’ torr*' sec"',  as  com- 
pared with  a rate  coefficient  of  (S.  0*0. 2)10*  sec*'  torr*' 
for  the  quenching  of  Br*  by  '*CO.. 

A change  in  the  temperature  of  the  sample  leads  to  a 
change  in  the  average  velocity  of  the  molecules,  V,  and 
hence  to  a change  in  collision  frequency.  Thus,  it  is 
most  germane  to  convert  the  measured  rate  coefficients 
into  average  cross  sections  (o  = k v)  (or  the  present  dis- 
cussion. The  cross  sections  for  the  quenching  of  Br* 
by  ''COj  and  **COj  over  the  temperature  range  296- 
600 *K  are  summarized  in  Table  I.  The  stalisfical  un- 
certainties from  repeated  measurements  ranged  from 
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tS^li  at  room  temperature,  to  ±1H  at  the  highest  tem- 
perature. However,  the  trend  of  decreasing  cross  sec- 
tions with  increasing  temperature  was  reproducible  in 
every  instance. 

From  the  intercepts  of  plots  such  as  the  ones  shown 
in  Fig.  i,  the  rate  coefficients  for  the  quenching  of  Br* 
by  Br,  can  be  obtained.  Although  no  special  attention 
has  been  devoted  to  this  low  .\co.  region,  rough  analy- 
ses of  the  data  indicate  that  the  quenching  cross  sec- 
tions of  Br*  by  Br,  are  only  weakly  dependent  on  tem- 
perature in  the  range  300-600 ’K. 

B.  Absolute  f -*  rate  coefficients  for 
excitation  of  v,  quanta. 

The  fraction  of  the  quenching  collisions  that  result  in 
excitation  of  the  v,  mode,  /'(CO,),  has  been  obtained  at 
room  temperature  by  comparing  the  intensities  of  ‘^CO, 
and  '^CO,  fluorescences  with  that  of  HCl  fluorescence 
generated  by  energy  transfer  from  Br*.  Although  the 
method,  which  has  been  described  in  detail  previously,  ^ 
is  straightforward,  and  the  scatter  in  the  data  is  usually 
not  larger  than  tlOc.  great  care  should  be  exercised 
in  eliminating  possible  systematic  errors.  The  mea- 
sured fluorescence  intensities  should  be  corrected  for 
differences  in  detector  response,  filter  transmission, 
radiative  lifetimes,  and  self-absorption.  This  latter 
phenomenon  is  the  most  difficult  to  estimate  and  there- 
fore it  is  imperative  to  work  at  low  molecular  concen- 
trations in  order  to  minimize  its  effects.  In  our  e.xperi- 
ments,  CO,  pressures  have  been  kept  between  30  and 
100  mtorr  and  the  CO,  fluorescence  is  compared  with 
that  of  the  same  pressure  of  HCl.  Equal  Br,  pressures 
have  also  been  used  in  both  mixtures.  Under  these  ex- 
perimental conditions,  a plot  of  ln(lco/lHci)  (where  I is 
the  observed  molecular  fluorescence  amplitude)  vs  mo- 
lecular pressure  gives  a straight  line.  Extrapolation  to 
zero  molecular  pressure  gives  fluorescence  intensity 
ratios  corrected  for  self -absorption  which  are  then 
used  to  estimate  /'(CO,).  By  taking  /'(HCl)  = 0. 95.  ’ we 
get  /'(’’CO,)  * 0.  42  and  /-(’’CO,)  = 0. 50.  or  FC’CO,//' 

X (”CO,)  = 1.2.  This  value  for  fC’CO,)  is  in  very  good 
agreement  with  the  value  of  0. 4 obtained  previously.’ 
Although  the  absolute  values  may  be  sub]ect  to  system- 
atic errors  as  discussed  befdre,  we  feel  that  the  ratio 


/'(’ 'CO;)//'(’‘CO,)  IS  accurate  to  s20fa  since  the  correc- 
tion factors  used  for  the  two  molecules  are  very  simi- 
lar. 

The  measurement  o>  f(CO,)  at  the  higher  tempera - 
ture.s  involves  additional  complications.  The  re.spons- 
ivlty  of  the  detector  has  to  be  determined  as  a (unction 
of  the  ambient  temperature.  This  was  accomplished  by 
directing  chopiK-d  4.3  pm  r.idiation  (obtained  from  a 
blackbody -narrow  bandpass  filter  combination)  through 
the  oven  and  monitoring  its  intensity  with  the  InSb  de- 
tector as  the  temperature  of  the  oven  was  varied.  It 
was  found  that  the  detector  responsivity  was  constant 
over  the  temperature  range  300-525 'K.  In  addition,  at 
high  temperatures  the  InSb  detector  h.id  to  be  located 
15  cm  above  the  heated  fluorescence  cell  in  order  to 
keep  it  cool.  In  the  case  of  ”CO,,  this  created  a seri- 
ous problem  due  to  the  temperature  dependent  self-ab- 
sorption  of  v,  fluorescence  by  air.  Therefore,  only  re- 
sults for  ”CO,,  whose  v,  fluorescence  is  not  significant- 
ly absorbed  by  the  atmosphere,  are  reported.  The  pro- 
cedure used  in  these  e.xperiments  was  as  follows.  Gas 
mixtures  containing  Br,,  ’’CO,.  .and  Ar  were  first  ad- 
mitted into  the  two  fluorescence  cells  at  room  tempera- 
ture. The  cells  were  irradiated  simult.ineously  and  the 
v,  fluorescence  amplitudes  generated  in  the  two  cells 
were  compared.  One  cell  was  then  heated  to  the  de- 
sired tem|)erature  and  the  fluorescence  intensity  ratio 
between  the  two  cells  was  measured  again.  The  pro- 
cedure was  repeated  over  a wide  pressure  range,  main- 
taining the  same  '’CO,  number  density  in  both  cells. 
However,  since  the  absorption  coefficient  .at  line  center 
is  temperature  dependent  through  its  dependence  on  the 
linewidth,  the  observed  intensity  ratios  were  again 
plotted  as  a function  of  ’’CO,  density  and  e.xtrapolated 
to  zero  concentration.  It  w.as  found  that  at  the  molecu- 
lar pressures  used  in  this  e.xperiment  (>-  150  mtorr)  the 
intensity  ratios  were  independent  of  pressure. 

Our  results  show  that,  within  experimental  error 
(±201)),  the  fraction  of  the  quenching  collisions  which 
produce  v,  e.xcitation  in  ”C0,  is  independent  of  tempera- 
ture in  the  range  296-525“K.”  The  uncertainties  quot- 
ed reflect  the  scatter  in  the  data  at  each  temperature. 
The  observed  average  fractions  obtained  at  different 
temperatures  did  not  show  any  systematic  trend. 
Therefore,  we  feel  that  despite  the  rather  large  scatter 
in  the  data,  our  results  demonstrate  that  the  fractions 
that  go  into  v,  excitation  are  indeed  independent  (within 
±20‘^)  of  temperature.  Consequently,  the  temperature 
dependence  of  the  total  quenching  cross  section  is  sim- 
ilar to  that  of  the  cross  section  for  E - V transfer  to 
the  V,  state,  although  the  latter  takes  place  only  in  about 
50^  of  the  quenching  collisions. 

C.  Calculation  of  E — V energy  transfer  cross 
sections  duo  to  long-range  interactions. 

The  quenching  cross  sections  for  Br*  by  ”CO,  and 
”00,  e.xhibit  negative  temperature  dependences.  trend 
predicted  by  the  theory  for  near  resonant  energy  trans- 
fer processes  based  on  long-range  multipolar  interac- 
tions. We  have  used  an  approximate  version  of  this 
treatment,  based  on  the  Sh;irma-Brau  tre.itment  of 
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FIG.  i.  Cross  sections  for  the  quenching  of  Br’  (■i'/’,/;.)  bj’ 

'•CO;  and  '■'COj  (•)  over  the  temperature  range  .;u6-tiOO’K. 
Probabilities  may  be  obtained  by  dividing  by  the  gas  kinetic 
cross  section,  o,  «!<(/,,•  i/cq,)- where  ./g,  ' i/n,*  3. 'iO  A.  and 
Jco.  = -t.  0 The  calculated  cross  sections  for  the  E — V energy 
transfer  channel  for  '’CO.  arc  given  by  the  oiwn  circles  (see 
texU. 


/ energy  transfer,  ’’  to  see  if  this  simple  theory  can 
account  for  our  experimental  observations.  For  the 
Dr*-COj  case,  the  first  nonvanishing  term  in  the  multi- 
polar exp.'tnsion  of  the  interaction  potential  is  due  to  the 
dipole -quadrupole  interaction.  The  rms,  angle-aver- 
aged form  of  this  potential^*  was  used  in  our  calcula- 
tions. The  integrated  absorption  for  the  (101)—  (000) 
transition  of  was  used  to  estimate  the  transition 

dipole  moment  ((p)*  = 9.4  10*^“  stat  c*  cm’),  which  was 
assumed  to  be  the  same  for  ‘'CO,  and  “COj.  The  tran- 
sition quadrupole  moment  of  Br-  Br*  was  taken  from 
Garstang**  ((g)*  = 2. 63  10**'  esu*  cm').  First  order  per- 
turbation theory  was  used  to  estimate  the  probabilities 
of  £—  F energy  transfer,  P{SE,  b,  u)  (where  b is  the 
impact  parameter  and  v is  the  relative  velocity),  for 
transitions  involving  = ± 1 which  are  dipole  allowed. 

To  obtain  the  cross  sections,  a/(A£,  p),  the  calculated 
probabilities  were  integrated  over  impact  parameters, 
b.  In  the  region  <f<  b<«  (the  collision  diameter  d=\ 
x(d^^  A**)  the  integral  was  evaluated  ex- 

actly following  Gait.  *'  In  the  region  0<  6<  <f  it  was  as- 
sumed that  P{b,  v)  = P(d,  v).  The  probabilities  should 
also  be  properly  averaged  over  the  velocity  distribution. 
However,  (or  the  purpose  of  our  calculations  we  simply 
used  the  average  thermal  velocities  v = (ikT/ ir.T7)' 
where  ^ is  the  reduced  mass  and  k is  the  Boltzmann 
constant. 

Due  to  the  Boltzmann  distribution  of  rotational  levels 
in  the  ground  state  of  CO-,  each  observed  cross  section 
is,  in  effect,  given  by  a sum  over  rotation.il  levels,  J. 
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a(T)  . (4) 

I 

where  T is  the  temperature  and  Sj(T)  is  the  relative 
population  of  the  Tlh  rotational  level  in  the  ground  vibra- 
tional state  at  a temperature  T.  The  calculated  cross 
sections,  a.  thus  obtained  for  E—V  energy  transfer 
from  Br*  to  '*COj  are  presented  in  Fig.  2 along  with  the 
experimental  results.  Considering  the  assumptions  in- 
herent in  the  theory  and  the  approximations  used  in  the 
calculations,  the  agreement  between  the  calculated  and 
the  experimental  results  is  satisfactory,  especially  as 
it  correctly  predicts  the  temperature  dependence.  It 
should  be  emphasized,  however,  that  whereas  the  ex- 
perimental curve  gives  the  total  quenching  cross  sec- 
tion, the  calculated  curve  describes  only  the  E~  V en- 
ergy transfer  channel  to  the  (101)  level  of  '*CO;. 

Carrying  out  similar  calculations  for  £-1"  energy 
transfer  from  Br*  to  ’’CO,  yielded  cross  sections  which 
were  an  order  of  magnitude  smaller  than  the  observed 
values  and  showed  a positive  temperature  dependence. 

IV.  DISCUSSION 

Our  results  show  that  the  quenching  cross  sections  of 
Br*  by  ’CO-  and  '*00-  e.xhibit  similar  negative  temper- 
ature dependences  (Fig.  2).  However,  the  cross  sec- 
tions for  quenching  by  '*CO;  are  larger  than  those  for 
the  case  of  '’C02  by  more  than  a factor  of  2.  At  room  tem- 
perature, about  half  of  the  quenching  collisions  give  rise  to 
excitationof  the  V] mode  in  both  molecules,  and  this  frac- 
tion remains  the  same  for  '*CO;  at  higher  temperatures. 
Thus,  the  probability  for  E—V  energy  transfer  from 
Br*  to  the  i’3  mode  of  '*CO;  has  a negative  temperature 
dependence  as  well.  Based  on  the  similarities  between 
the  Br*-'*CO;  and  the  Br*-'*CO;  systems  in  all  respects 
e.xcept  the  magnitude  of  the  cross  section,  it  is  probable 
that  the  E-V  energy  transfer  channel  in  '*CO;  exhibits 
a negative  temperature  dependence  similar  to  that  of 
’’CO,. 

In  separate  experiments  it  has  been  shown”  that  the 
process  Br*  + ”CO,(000)  — Br  + ”CO:(101)  is  a major 
quenching  channel.  Assuming  that  an  analogous  process 
is  important  in  the  quenching  of  Br*  by  ”CO;.  the  ener- 
gy defects  associated  with  the  E—V  tr.ms(er  channels 
in  both  systems  are  very  similar,  being.  -30*^and 
+ 52  cm*'  for  ’’CO,  .and  ’’CO,.  respectively.  However, 
if  we  take  into  account  the  Boltzmann  distribution  of 
rotational  levels  within  the  COj  ground  state  and  as- 
sume, in  accordance  with  the  long-range  multipolar  in- 
teraction theory,  that  those  J levels  for  which  the  ener- 
gy defect  is  minimized  have  a dominant  contribution  to 
the  cross  section  and  that  only  transitions  with 
are  allowed,  then  the  number  of  near  resonant  channels 
is  larger  for  ”CO,  than  it  is  (or  ’’CO,.  This  effect  is 
illustrated  schematically  in  Fig.  3 where  the  relative 
intensities  of  the  possible  vibration  rotation  transitions 
are  plotted  as  a function  of  the  transition  energy.  For 
example,  transitions  involving  the  most  populated  rota- 
tional level  at  T = 600°K  (J=24)  are  only  8 cm*'  away 
from  resonance  for  ’’CO,  whereas  the  analogous  num- 
ber for  '’cOj  is  35  cm''.  A possible  e.xplanation  for 
the  difference  in  cross  sections  between  ”CO;  and  ”C0. 
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KIC.  3.  Partial  energy’  level  diagram  of  ’-CO;  and  '^CO;  show, 
ing  molecular  vibrational  levels  which  are  near  the  Br*  elec- 
tronic state  at  3685  cm"'.  The  relative  intensities,  at  room 
temperature,  of  possible  rotational  transitions  with  XJ  ^*1  in 
the  (101)  *-(000)  vibrational  band  as  a function  of  frequency, 
arc  intlicated  schcmutieally.  A Boltzmann  distriiiutlon  of  ro- 
tational levels  in  the  ground  state  was  assumed.  Spectroscopic 
constants  were  Uikcn  from  Uefs.  33  and  21.  The  relative  line 
intensities  increase  in  the  direction  indicated  by  the  arrow. 


may  thus  Involve  the  difference  in  the  number  of  partic- 
ipating channels. 


We  would  like  to  point  out  that  although  the  total 
quenching  rate  coefficient  of  Dr*  by  ”COj  i.t  .sni.iUer 
than  that  by  '"CO;,  the  fraction  of  the  quenching  colli- 
sions that  goes  into  o,  excitation  is  very  similar  for 
both  cases.  Thus,  the  mode  specificity  of  the  energy 
transfer  process  has  been  retained.  A similar  phenom- 
enon has  been  observed  for  the  near  resonant  E-V  en- 
ergy transfer  from  I*  ' and  Br*‘  to  HjO.  £-  V transfer 
is  the  dominant  channel  in  both  cases,  despite  a much 
smaller  quenching  rate  coefficient  for  the  I*-H;0  sys- 
tem than  for  the  Br‘  -HjO  system.  It  should  also  be 
noted  that  about  half  of  the  quenching  collisions  in  the 
Br*-CO,  system  proceed  via  channels  other  than  exci- 
tation of  the  i/j  mode.  At  present  we  do  not  know  the 
nature  of  the  other  deactivation  channels  since  informa- 
tion concerning  £ - P excitation  of  the  other  n»/rmal 
modes  is  not  yet  available. 

Comparison  with  other  E—  V energy  transfer  process  - 
cs  such  as  deactivation  of  Br*  by  HjO'*  and  HF^  suggests 
that  long-range  multipolar  interactions  can  account  for 
the  experimental  observations  for  these  .near  resonant 
channels  .ns  well.  However,  away  from  resonance  other 
collision  mechanisms  should  probably  be  invoked  to  ex- 
plain the  observed  deactivation  rates  and  their  depen- 
dence on  temperature.  In  the  case  of  quenching  of  Br* 
by  HCl  for  example,  the  mode  specificity  of  the  energy 
transfer  process  and  the  large  rate  coefficients  and  their 
temperature  dependence^'  are  consistent  with  a nonadia- 
batic  curve  crossing  mechanism.  The  very  weak  tem- 
perature dependence  observed  in  this  work  for  the  de- 
activation of  Br*  by  Dr,  may  be  explained  in  terms  of 
quenching  via  collision  complex  formation,  as  suggested 
by  Hofmann  and  Leone.  " 


The  quenching  cross  sections  of  Br*  by  '*COj  and 
’’COj  exhibit  negative  temperature  dependences,  a trend 
predicted  by  the  long-range  multipolar  interaction  theory 
for  a near  resonant  energy  transfer  process.  Our  ap- 
proximate calculations  based  on  this  theory  show  that 
whereas  satisfactory  agreement  is  obtained  for  the  case 
of  ’’CO;,  the  theory  predicts  a nonresonant  behavior  for 
the  Br*-'’CO;  case,  i.e.,  small  cross  sections  and  a 
positive  temperature  dependence.  Evidently,  for  the 
less  resonant  case  of  ’’CO,,  the  theory  cannot  adequate- 
ly describe  the  experimental  results.  It  appears  that 
the  system  can  accommodate  larger  energy  discrepan- 
cies than  suggested  by  the  simple  theory.  This  .-nay 
occur  either  through  inclusion  of  higher  multipoles 
which  allow  transitions  with  AJ  > ± 1,  or  through  cou- 
pling of  rotation  to  translation,  as  has  been  suggested 
for  /-  V energy  transfer.*'  If  we  include  the  next  pos- 
sible transitions  (those  involving  which  are 

octupole  allowed)  the  number  of  near  resonant  channels 
in  '’CO]  becomes  comparable  to  that  in  '*CO;  and  a neg- 
ative temperature  dependence  is  obtained.  The  transi- 
tion moments  may  be  smaller  than  those  for  = 1 1 
transitions,  thus  accounting  for  the  smaller  cross  sec- 
tions observed  for  '*CO;.  It  must  be  borne  in  mind, 
however,  that  tor  these  shorter  range  collisions  several 
of  the  assumptions  inherent  in  the  treatment  of  multi- 
polar interactions  by  first  order.perturbation  theory  are 
no  longer  iustified. 


V.  CONCLUSIONS 

The  excitations  of  the  i/j  modes  of  '*CO;  and  '^COj  via 
E~  V energy  transfer  from  Br*  are  fast,  mode  specific 
energy  tr.ansfer  processes.  About  half  of  the  quenching 
collisions  produce  excitation  of  vibrational  modes  con- 
taining i'3  quanta  in  both  molecules.  However,  '*CO;  is 
about  twice  as  efficient  as  '*COj  in  quenching  Br*.  The 
cross  sections  have  a negative  dependence  on  tempera- 
ture for  both  molecules,  a trend  typical  of  a near  reso- 
nant, long-range  interaction.  A simple  £-  r energy- 
transfer  theory  based  on  long-range  multipolar  interac- 
tions gives  satisfactory  agreement  with  the  e.xperimental 
results  for  the  Br*-'“COj  system,  while  a modified  ver- 
sion might  be  needed  to  account  for  the  experimental  ob- 
servations in  the  case  of  '*CC)j. 

Our  results,  as  well  as  the  results  of  other  investi- 
gators, indicate  that  in  near  resonant  £-  F energy 
transfer  processes  involving  halogen  atoms  in  the  *Pi,3 
state,  long-range  multipolar  interactions  are  of  major 
importance. 
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ABSTRACT 

Electronic  to  vibrational  energy  transfer  from 
to  the  Vj  vibrational  mode  of  CO2  is  reported.  Only  4±2I  of 

X 

the  collisions  in  which  CO2  quenches  l2(®  ^Ou'*’^  result  in  C02Cvj) 
excitation.  This  efficiency  does  not  vary  markedly  with 
excitation  wavelength  in  the  region  575-620  nm,  suggesting  the 
absence  of  resonant  contributions  to  the  quenching  process. 
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INTRODUCTION 


The  quenching  of  electronically  excited  diatomic  halogens, 
which  is  often  accompanied  by  dissociation  of  the  excited 
molecule,  has  recently  been  the  subject  of  considerable  research. ^ 

The  collisional  redistribution  of  energy  within  the  electronically 

excited  vibration-rotation  manifold  has  been  studied  in  the 

1-2  3-  7 8 9 3 

cases  of  Br2.  I2>  BrCl,  and  BrF.  In  the  case  of  I2CB  IIqu+) 

(referred  to  hereafter  as  ^2*^  collisional  quenching  cross  sections 

have  been  measured  in  both  steady  state^  ^ and  time  resolved^^ 

experiments.  These  studies  have  demonstrated  that  the  quenching 

cross  sections  vary  markedly  with  excitation  energy  as  well  as  the 

quenching  species  involved.  A simple  model  which  invokes  Van  der 

Waals  forces  between  I2*  and  the  quenching  species  is  in  very 

12 

reasonable  agreement  with  these  data.  Not  surprisingly  however, 

the  quenching  cross  sections  for  moleaulee  are  consistently  larger 

than  for  atoms  even  though  the  Van  der  Waals  model  does  not  predict 

14 

this  difference.  Additional  energy  disposal  channels  which  become 

available  via  the  vibrational  and  rotational  degrees  of  freedom  of 

molecules  may  account  in  part  for  this  difference. 

Although  studies  of  the  collisional  quenching  of  electronically 

excited  atoms  by  molecules  have  demonstrated  that  such  quenching  is 

often  characterized  by  high  electronic  to  vibrational  (E-*-V)  energy 

15-17 

transfer  efficiencies,  the  disposal  of  excited  state  energy 

via  the  quenching  of  electronically  excited  diatomic  molecules  has 
received  little  attention.  Only  recently,  have  Hsu  and  Lin^^  shown  that 
in  the  quenching  of  I2*  and  ICl*  by  CO,  vibrational  excitation  of  CO  is 
a minor  quenching  channel.  In  the  present  communication,  E-*-V  energy 


transfer  from  I2*  to  the  mode  of  CO2  is  reported.  The  E-^V 
transfer  efficiency  was  determined  by  comparing  the  amount  of  CO2 
containing  one  quantum  of  excitation,  hereafter  referred  to  as 
COzCvj),  that  results  from  the  quenching  of  I2*  by  CQ^,  with  the 
amount  of  C02(Vj)  produced  from  the  quenching  of  Br(4  Pj^) » 
hereafter  referred  to  as  Br*,  by  002-^^  Our  experiments  show 
that  only  4±2%  of  the  collisions  in  which  CO^  quenches  I2* 
result  in  excitation  of  a quantum  of  vibration  in  C02' 


EXPERIMENTAL 

The  experimental  arrangement  is  shown  schematically  in 
fig.  1.  The  fluorescence  cell  and  vacuum  system  were  described 
elsewhere.  A flashlamp  pumped  dye  laser  (Chromatix  CMX-4, 

1.0  ys  FWHiM,  ~3  cm  ^ FWHM]  was  used  to  produce  1 2*. 

Time  resolved  002(^2)  fluorescence  was  monitored  at  right  angles  to 
the  laser  beam  with  a large  area  InSb  photovoltaic  detector  (lys 

risetirae).  To  minimize  self-absorption  of  the  fluorescence,  the 
laser  beam  was  situated  as  close  to  the  cell's  window  as  possible. 
An  interference  filter  was  used  to  isolate  C02('^3)  fluorescence 
at  the  detector.  Digital  signal  averaging  was  used  to  obtain 
signal  to  noise  ratios  >10.  The  laser  energy  was 
monitored  simultaneously  with  the  fluorescence  signal  with  a 
photodiode  which  had  been  calibrated  against  a thermopile.  In 
order  to  assure  the  reproduceability  of  the  laser  energy  measure- 
ments, the  laser  beam  was  diffused  prior  to  detection.  Typically, 
the  pulse  to  pulse  variation  in  laser  energy  was  <tlO%.  Signal 
averaged  CO2  fluorescence  signals  were  reproducible  to  within  ±5^. 

Gases  were  premixed  before  introduction  into  the  cell.  I2 
was  maintained  in  a sidearm  connected  to  the  mixing  bulb  and  its 


pressure  was  determined  from  the  temperature  of  the  sidearm. 

The  cell  and  vacuum  system  were  seasoned  with  the  appropriate 

halogen  before  experiments.  CO2  and  Br2  were  purified  as 

1 5a 

described  previously.  Reagent  grade  I2  was  purified  under 
vacuum  by  distillation  and  fractionation  at  room  temperature. 

To  measure  the  amount  of  energy  absorbed  by  I2,  a 49  cm  cell, 
to  which  a cold  finger  had  been  attached,  was  employed.  The 
laser  beam  was  passed  through  this  I2  vapor  filled  cell,  and 
the  laser  energy  was  monitored  with  a photodiode. 

RESULTS  AND  DISCUSSION 

Details  of  the  kinetics  which  describe  the  quenching  of 

electronically  excited  species  by  CO2  have  been  published 

elsewhere.  I2*  is  produced  only  during  the  laser  pulse,  and 

is  removed  via  several  processes,  one  of  which  is  collisional 

energy  transfer  to  CO2  with  concomitant  excitation  of  the  Vj 

vibration.  The  predominant  mechanism  whereby  I2*  is  quenched 

by  CO2  is  known  to  produce  two  ground  state  iodine  atoms. In 

this  case,  since  the  photon  which  produces  I2*  is  ~16,000  cm  ^ 

and  the  dissociation  energy  to  form  two  ground  state  iodine  atoms 

is  12,450  cm  the  excess  energy  is  sufficient  to  excite  only 

one  vj  quantum  in  CO2.  Considering  the  small  fraction  of  collisions 

which  excite  vibrations  in  C02»  the  quenching  of  I2*  by  CO2, 

producing  l2(^^2g)  and  C02(mnp)  with  p>l,  cannot  be  ruled  out. 

The  time  varying  concentration  of  C02(v2)  can  be  described  in 

15a 

a straightforward  manner.  Since  the  I2*  radiative  lifetime  =1  ps, 
the  COtCVj)  concentration  is  characterized  by  a risetirae  <1  ys , 

( 

i 
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followed  by  a much  slower  decay.  At  high  CO^  pressures  (e.g.  100 

torr)  almost  all  of  the  quenching  of  I2*  is  via  collisions  with 

CO2  molecules  and  other  quenching  processes  do  not  play  an 

important  role.  At  these  pressures,  radiation  from  the  001  state 

of  CO2  is  almost  completely  trapped,  so  that  photons  which  arrive 

at  the  detector  emanate  from  a state  that  is  not  connected  to  000. 

The  most  likely  candidate  is  Oil,  but  other  states  such  as  021  and 

101  may  also  contribute.  For  the  purposes  of  our  measurements, 

it  is  not  necessary  to  monitor  001  directly  since  we  compare 

intensities  measured  at  the  same  CO2  concentrations.  In  our 

experiments,  species  such  as  C02(mnp)  undergo  very  rapid  energy 

transfer  processes,  in  which  quanta  are  preserved.  These 

19 

processes  occur  instantly  on  the  time  scale  of  interest.  At 
t>2  us,  [C02(uj)]  is  given  by 


tCOjCvjlHt)  - ^ 

where  [l2*^0  concentration  of  I2*  produced  by  the  laser 

pulse,  T is  the  lifetime  of  CO2  (v^) , and  k2  and  k,  are  rate 
coefficients  for  the  collisional  processes 


cn 


I2*  CO2  C02(U3)  + 21  (or  I2)  (2) 

I2*  CO2  — C02(all  states)  + 21  (or  I2)  (3) 


Implicit  in  (2),  is  that  processes  which  produce  C02(mnp)  transfer 
vibrational  energy  efficiently  but  preserve  v,  e.xcitation.  Since  the 
fluorescence  signal  is  proportional  to  (C02(v.)],  an  extrapolation 
gives 


l'2*(0)  - CICOjCvpiCO)  - CtIjMo 


C4) 


44 


I _* 

where  I - is  the  fluorescence  signal,  C is  a constant,  and 
I ■)*  ^ 

“k^/kj  is  the  probability  of  exciting  a Vj  quantum  in  an 
collision.  Within  experimental  uncertainty,  self -absorpt ion  of 
C02(v,)  fluorescence  was  found  to  be  constant  over  the  range 
of  pressures  employed,  thus  allowing  self-absorption  to  be 
incorporated  into  the  constant  C. 


CO. 


I * 

We  find  in  our  experiments  that  (o)  depends  on  the 


wavelength  of  the  I2*  excitation.  In  tuning  the  dye  laser 
through  the  region  575-620  nm,  we  observe  eleven  C02Cvj) 
fluorescence  signal  maxima  which  correspond,  within  experimental 
uncertainty,  to  the  locations  of  I2  absorption  bands. The  most  intense 
C02(Vj)  fluorescence  occurs  with  the  dye  laser  tuned  to  591.7  nm. 

This  excitation  wavelength  was  chosen  for  comparison  with  the 
Br*  + CO2  system. 

To  eliminate  the  need  to  determine  C,  which 


includes  the  detector  sensitivity,  filter  response,  C02('^5) 


self-absorption,  etc.,  values  of  1^2  (0)  can  be  compared  to 


similar  values  obtained  from  the  quenching  of  Br*  by  CO2.  An 
equation  similar  to  eq.  (4)  can  be  written  from  a consideration 
of  the  kinetics  of  Br*  + CO2.  and  this  equation  can  be  combined 
with  eq.  (4)  yielding: 

.!.•  .Br* 

>3 


F*2  - ” F' 

“3  lij'lo 


C5) 


.Br^ 


where  (0)  is  the  fluorescence  signal  (extrapolated  to  t“0) 


for  3r*  + CO2 . [Br*]g  is  the  concentration  of  Br*  produced  by 
the  laser  pulse,  and  F°  , the  probability  of  transferring  a v. 
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quantam  in  a Br*  - CO2  collision,  is  taken  as  unity.  iBr*]^  can 
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be  determined  from  published  Br2  absorption  coefficients  and 

22 

the  efficiency  of  Br*  formation. 

The  absorption  of  the  laser  beam  by  1-  does  not  follow  the 

23  24 

Beer-Lambert  law  in  the  region  575-620  nm.  * For  our  ‘ 

purposes  [12*^0  determined  from  an  empirical 

function  of  the  variables  which  affect  absorption,  ACa,  [I2J  , 

so  that 


Ih’h  ■ *15 


(6) 


where  [<n>^J  is  the  time  integrated  photon  density  in  the  laser 
beam,  L is  the  length  of  the  absorbing  medium,  P^Q^al 
total  pressure  in  the  cell  which  includes  absorbing  and  non- 
absorbing (but  line  broadening)  species,  and  efficiency 

of  forming  ^2**  * ®’^-0*2  ^^'^91. 7 nm.^^  Ideally,  A should  be 
determined  in  the  fluorescence  cell  using  the  actual  experimental 
pressures  and  path  lengths.  However,  the  absorption  under  these 
conditions  was  too  small  to  be  measured  reliably.  Therefore,  the 
dependence  of  A at  591.7  nm  on  the  product  CL)(l2]  was  measured 
using  the  49  cm  cell,  and  A was  extrapolated  to  the  fluorescence 
cell  (L)[l2l  values.  These  data  are  shown  in  fig.  2.  Because  of 
the  small  amount  of  absorption,  there  is  large  uncertainty  (±40*) 
in  the  values  of  A obtained  by  this  extrapolation.  As  fig.  3 
demonstrates,  pressure  broadening  did  not  have  a significant  effect 
on  A at  CO2  pressures  up  to  100  torr. 

Sixteen  values  of  1^2  (O)  and  I®’’  (0)  were  obtained  at  CO, 
pressures  ranging  from  65  to  100  torr.  Using  eq.  (5),  these  data 

gave  F^2  > 0.04±0.02  at  591.7  nm. 
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The  cross  section  for  the  quenching  of  I2*  by  CO2  is  known 

to  increase  by  almost  a factor  of  two  as  the  wavelength  increases  from 

580  nm  to  620  nm.  In  order  to  estimate  the  wavelength  dependence 
I * I ^ * 

of  F 2 , values  of  I * (o)  were  obtained  for  each  of  the  eleven 
v3  V3 

C02(vj)  fluorescence  maxima.  By  normalizing  the  literature 
values  of  the  wavelength  dependence  of  the  I2  absorption  coefficient 
to  the  value  of  A we  obtained  at  591.7  nm,  the  wavelength  dependence 
of  A was  obtained.  From  this  approximate  wavelength  dependence 

T * 

of  A,  and  the  value  of  F 2 obtained  at  591.7  nm,  the  wavelength 
!->*  ^ 

dependence  of  F^2  shown  in  fig.  4 was  obtained.  Fig.  4 

indicates  that  there  is  not  a marked  wavelength  dependence  of 
pi:’' 


The  data  indicate  that  E-^V  energy  transfer  to  the  Vj  mode 
of  CO2  is  not  a major  channel  in  the  quenching  of  I2*  by  CO2.  If 
quenching  collisions  simply  induce  a non-adiabatic  transition  to 
a dissociative  I2  potential  surface,  then  vibrational  excitation  of 
CO2  will  be  small.  Such  vibrational  excitation  may  be  mode 
specific  in  the  sense  that  certain  collision  geometries  may 
facilitate  the  non-adiabatic  transition,  and  therefore,  forces  on 
the  CO2  molecule  will  be  directed  so  as  to  excite  specific  normal 
modes.  Also,  vibrational  modes  with  weak  restoring  forces  will  be 
an  easier  prey  to  the  external  forces  on  the  CO2  molecule  than 
those  modes  with  stronger  restoring  forces.  A measurement  of  v, 
excitation  in  CO2  as  a consequence  of  I2*  quenching  may  illuminate 
this  point,  but  this  is  a rather  difficult  experiment. 

In  the  present  investigation,  the  precision  of  the  fluorescence 
signal  comparison  method  for  obtaining  E-*V  energy  transfer 
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efficiencies  was  limited  primarily  by  the  uncertainty  in  the 
absorption  of  I2.  This  large  uncertainty  did  not  affect  the 
major  conclusions,  however,  since  only  a very  small  amount  of 
energy  was  found  in  the  Vj  mode.  The  intensity  comparison 
method  is  easily  adaptable  to  many  other  systems  making  it 
possible  to  obtain  energy  transfer 


efficiencies  for  systems  which  are  characterized  by  faster 
rise  times  than  the  detection  system  can  discern.  The  only 
requirement  is  that  a value  of  be  known  for  another  system 
employing  the  same  quencher. 


The  authors  are  indebted  to  Eric  Weitz  for  illuminating 
discussions  regarding  self -absorption. 
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FIGURE  CAPTIONS 


Schematic  drawing  of  the  experimental  arrangement:  D-diffuser, 

f 

PD-photodiode,  InSb- infrared  detector. 

I2  absorption  at  591.7  nm  vs.  optical  density.  Absorption 

is  defined  as  (outgoing  energy)/ (incoming  energy).  The 

square  datum  is  the  average  of  the  data  shown  in  Fig.  3.  The 

fluorescence  experiments  were  performed  in  the  region  (L)[I,] 

- 7 2 

■ 0.2-0.3x10  mole/cm  . The  dashed  lines  indicate  the  large 
uncertainty  in  the  slope  (±40%). 

- 7 2 

Absorption  vs.  CO2  pressure  at  (L)[l2]=10  mole/cm  . Here  the 

total  pressure  is  approximately  the  pressure  of  CO2 . The  error 

bar  shown  is  typical. 

1 7 * 

Dependence  of  F^“  on  excitation  wavelength.  The  error  bar 
shown  is  typical.  - 
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